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During the past quarter of a century much has been written concerning 
the place of the so-called trace elements in the economy of plant life. Most 
of this literature deals with the effects produced upon plants when these 
elements are absent from the growth substrate and is purely descriptive in 
nature, portraying the symptoms of deficiency. There is also, in the physi- 
ological literature of the past decade and a half, much descriptive material 
portraying the pathological symptoms which appear in plants when these 
elements occur in the plant environment in concentrations in excess of those 
required for growth and development. Thus far these qualitative observa- 
tions make up practically all of the great mass of the investigational litera- 
ture upon this subject. So much of this foundation in natural fact has 
already been accomplished, that intensive activity along this line of cate- 
gorical description can no longer be considered an adequate field of investi- 
gation in this particular phase of plant nutrition. It should be remembered, 
however, that the extension of our knowledge in this phase of nutrition can- 
not progress without at least some continued activity along these descriptive 
lines ; but our chief interest is no longer in the qualitative pathological symp- 
toms themselves, which develop as the result of trace element malnutrition, 
but in their relation to those more basic phenomena which can be evaluated 
only through careful quantitative experimental investigation. From almost 
the beginning of the present century studies have been directed toward 
ascertaining whether or not certain elements, which are found in trace quan- 
tities in both the plant and in its environment, might be included in the 
category of essential factors for growth and development. There is much 
contradictory evidence, as might be expected, relative to this question, which 

1 Journal series paper of the New Jersey Agricultural Experiment Station, Depart- 
ment of Plant Physiology. 

2 The sixth STEPHEN HALES address, read before the American Society of Plant 
Physiologists at Philadelphia, December 30, 1940. 
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is an important one. The energetic search for such elements which began 
early in the century is still in progress. It has been in the past a profitable 
field of investigation and it is predictable that it will provide an equally 
profitable field of study in the future. The inability of experimenters to 
grow plants successfully through a complete cycle in artificial culture, in 
the early years of the present century, initiated a search for missing essen- 
tial factors. The usual experimental technique which had long been em- 
ployed in solution culture and in sand culture was too crude, however, and 
the materials used were too unrefined to disclose the need of specific elements 
required in minute quantities in nutrient substrates for plants. 

Search for the missing factors, therefore, led to great improvements in 
experimental techniques. Great strides have been made in the refinement 
of methods and in the purification of nutritive materials for accurate study 
in the endeavor to demonstrate the need of these elements in the nutrient 
substrate and to prove their essentiality. Through this refinement of tech- 
nique, improvement in the methods of operation, and purification of nutri- 
tive material, it is now possible to add to the previous list of essential ele- 
ments for plants boron, manganese, zinc, and copper. Undoubtedly other 
elements will be added to this list with still further purification of chemical 
materials and further refinements of physical equipment and methods of 
procedure. The degree of refinement at present attainable, however, im- 
poses a rigid limitation upon experimental accuracy and this is particularly 
true with respect to the analytical data from quantitative studies in the field 
of trace element nutrition. The suggestion has recently been made that an 
element may not be regarded as non-essential if it is present in a nutrient 
substrate in concentrations greater than one part in a billion (10). Such 
a degree of purity may not be attainable at the present time. It is this 
point, as well as that relating to the absolute importance of the trace ele- 
ments in nutrient substrates, which has recently been so strongly emphasized 
in connection with the development and refinement of methods for growing 
isolated plant tissues in vitro (12,13). It appears that the degree of purity 
and the state of refinement are determining factors in any attempt to estab- 
lish proof of the essentiality of a given element which is present in the plant 
environment in very minute concentration. It is not so simple a matter to 
differentiate between that which merely stimulates growth and that which 
is essential for growth. The fact that the presence of a minute trace of a 
given element in a nutrient substrate may stimulate growth of the plant does 
not constitute proof of essentiality, nor does failure to stimulate constitute 
proof that an element is not essential. In order to provide proof of the 
essentiality of a given element it is necessary to show that a plant cannot 
complete its cycle in the absence of a measurable concentration of the element 
in question. 
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In order to obtain quantitative information concerning the place which 
the trace elements occupy in the nutrition of plants and the réles which they 
play in metabolic processes, elaborate precautions must be taken to eliminate 
all possible sources of contamination derived from the experimental set-up, 
and careful attention must be given to such matters as the purity of salts, 
distilled water, and cleanliness of the apparatus involved. These precau- 
tions are indispensable if the objectives of quantitative research in this field 
are to be attained. With the discoveries made during recent years, and 
with the refinement of the experimental method, it has now become a simple 
procedure to demonstrate the effect of deficiencies of boron, manganese, and 
zine with many species of plants under the conditions of control which char- 
acterize the usual routine of solution culture experimentation. 

While superficial descriptions relating to the effects of trace element 
deficiencies upon the various species continue to accumulate, as is to be 
expected, it is most encouraging and even inspiring, that a pronounced 
change toward the more quantitative type of investigation has been in prog- 
ress during the past several years and some very important quantitative 
work dealing with trace element nutrition has appeared in the literature 
(2, 5, 7, 8). Difficult as it has been to demonstrate beyond a doubt that 
boron, manganese, and other trace elements are essential for plants, it may, 
however, be infinitely more difficult to prove why they are essential. But the 
present status of trace element nutrition in plants makes it unnecessary to 
dwell upon either the economic or the theoretical importance of the elements 
required by plants in only very minute amounts. The economic importance 
of these elements is obvious in view of the host of plant diseases, many of 
which are very destructive, which have been traced either directly or indi- 
rectly to deficiency or excess of one or more of these elements in the soils of 
many agricultural districts. It is to be emphasized also that not one of the 
many problems relating to the important rdles which these elements play in 
the metabolic processes of plants, has yet completely emerged from the theo- 
retical category to take its place in the realm of fact established through 
experimental study. The importance of theoretical consideration of such 
problems is, therefore, apparent. 

It has early been pointed out by several investigators that the pathologi- 
cal symptoms produced in plants by boron deficiency are remarkably similar 
to those produced by calcium deficiency under like experimental conditions. 
The similarity has been recognized in virtually all of the species thus far 
studied. This has suggested the possibility that boron is in some mysterious 
manner involved in those processes in the plant in which calcium is a direct 
reactant. This suggestion is supported by the well-known fact that both 
boron and calcium are especially effective in the intensive metabolic processes 
which are confined largely to the meristematic regions, and recent investiga- 
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tions have shown also an intensive utilization of boron by the reproductive 
organs of the plant (6). 

Attention will now be directed to the consideration of quantitative ex- 
perimental evidence relating to an important réle which boron plays in the 
accumulation, assimilation, and metabolism of calcium in several species 
widely separated in their morphological, physiological, and taxonomie char- 
acteristics. But, before presenting this evidence it will be necessary to 
deseribe very briefly, the experimental procedure by which these data were 
obtained. Relatively large numbers of plants of each species dealt with 
were grown in a standard culture medium until they had attained the age 
and phase of growth and development desired before the experimental treat- 
ments were begun. At the beginning of the treatment period the cultures 
were divided into three groups or series: The cultures of the first series 
covered a range of boron concentrations in the standard nutrient substrate 
which, by previous tests, was known to produce visible symptoms of defi- 
ciency in the species in question. The cultures of the second series covered 
a range of approximately optimum boron concentrations; and the cultures 
of the third series covered a range of boron concentrations sufficiently high 
to produce symptoms of toxicity in the plants of the species in question. 
With the exception of the boron treatments the nutrient substrate used in 
the cultures of the three series was identical. For the sake of convenience 
the three series may be designated the deficiency series, the optimum series, 
and the toxicity series, respectively. In all cases the experimental period, 
during which the cultures were under treatment, was continued until pro- 
nounced visible symptoms of boron deficiency appeared in the plants of the 
deficiency series, and of boron toxicity in the plants of the toxicity series. 
This required different intervals of time for the different species. The cul- 
tures were conducted under a system of continuous flow of the culture solu- 
tion at a rate sufficiently high to prevent material alteration in the propor- 
tions of nutrient ions through the activity of the plants. 

At the end of the experimental! interval the various tissues of the plants 
were analyzed for calcium and for boron and an attempt was made to differ- 
entiate between total and soluble or active quantities of the elements in the 
tissues tested, in the hope that such a procedure might throw some light 
upon the connection between these two elements in the metabolic activity of 
the plants. While the experimental evidence reveals absolutely no informa- 
tion concerning the actual physiological function of either boron or calcium 
in the plant, it does indicate at least one important role which the trace ele- 
ment boron plays in the functional processes of the major element calcium. 

From a consideration of the experimental data (7) it became immediately 
obvious that the boron in the tissues of the particular species in question 


(corn) was virtually in a completely soluble state and could therefore be 
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assumed to be in a mobile, active condition. It was obvious also that its 
accumulation in the tissues was determined by its concentration in the 
nutrient substrate. When now the experimental data relating to boron were 
examined in connection with corresponding data representing the status of 
calcium in the plant, the outstanding feature which was at once apparent 
was the almost perfect correlation between the boron of the tissues and the 
soluble or active calcium of the tissues. On the other hand, there was no 
apparent relation between the boron content and total calcium in the tissues 
of this monocot, and there was no obvious relation between soluble and total 
calcium in tissues of these plants. It must be concluded, therefore, that the 
proportional part of the total calcium in the plant which was maintained 
in the soluble, active state in which it could be translocated from points of 
supply to centers of metabolic activity, was determined not by the total 
ealecium content of the plant but by the supply of available boron in the 
corresponding tissues which in turn was determined by the boron concentra- 
tion of the nutrient substrate. This peculiar property of boron by which 
calcium is rendered mobile and active is not confined to organic substrates. 
The principle involved is effectively utilized in certain industrial procedures 
to eliminate calcium in the soluble form from complex inorganic (3), as well 
as organic (1,4) systems in which it occurs as an impurity during the 
process of large-scale preparation and manufacture of certain important 
commercial products. 

The corresponding analytical data of a representative dicot, Vicia faba, 
were next considered. When these were treated in a manner similar to 
those of the monocot, corn, it was found that a relatively small fraction of 
the total boron in this dicot was soluble and in this respect the dicot was 
strikingly different from the monocot. But the soluble boron fraction of the 
dicot, like that of the monocot, was directly related to the total boron content 
of the tissues and also to the concentrations of this element in the nutrient 
substrate. 

In the dicot, Vicia faba, the soluble calcium, as in the monocot, was di- 
rectly related to and determined by the soluble boron fraction, which in turn 
was related to the total boron content and determined by the concentration 
of this element in the nutrient substrate. There was no direct relation be- 
tween soluble and total calcium either in the monocot or in the dicot, but 
in the toxic range of boron concentrations of the substrate the accumula- 
tion of calcium was impeded, and this was directly associated with a corre- 
sponding retardation of the actual rates of calcium absorption and of the 
rates of growth. 

One of the characteristic differences between the monocot and the dicot 


relative to this particular phase of inorganic nutrition was the fact that 
under identical experimental conditions with respect to the chemical and 
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physical properties of the nutrient substrate, the total calcium content and 
the total boron content were always much higher in the dicot than they were 
in the monocot. At present there is no adequate explanation for this fairly 
general phenomenon. In all of the species so far investigated the calcium 
and boron values for the dicot are usually much higher than those for the 
monocot. But this did not hold for the soluble fractions of these elements 
in the tissues of the plants. The soluble fraction of boron relative to the 
total was always much lower in the dicot than in the monocot and this in- 
variably resulted in a low fraction of soluble calcium, relative to the total. 


TABLE I 


AVERAGE SOLUBLE BORON AND AVERAGE SOLUBLE CALCIUM, PERCENTAGE OF TOTAL, PRESENT 
IN THE TISSUES OF MONOCOTS AND DICOTS 


Monocots DicoTs 


| SOLUBLE Souste | Sonvste | SoLvBLE 
BORON CALCIUM | BORON CALCIUM 
To % % % 
Deficiency boron range 62.7 28.3 6.5 16.5 
Optimum boron range 78.4 34.7 28.7 22.9 
Toxicity boron range 86.1 55.7 32.2 | 25.4 


This is clearly brought out in table I showing percentages dealing with 
relative solubilities of the two elements in representative species of the two 
groups of plants, monocots and dicots, so important in general agriculture. 
A consideration of these data provides an explanation for the well-known 
fact that the boron requirement of the monocot for normal growth and 
development is very much lower than is that of the dicot but equally essen- 
tial for both, and it accounts also for the frequent appearance in the litera- 
ture of statements to the effect that boron is not essential for growth and 
development of the agricultural monocots such as oats, wheat, and some 
grasses. The optimum boron requirements of the dicots thus far investi- 
gated were from five to ten times as high as those of the monocot, but this 
is only a rough estimate, since it is extremely difficult to evaluate accurately, 
in terms of growth criteria, the effective concentrations of boron in the ex- 
tremely low ranges required by the monocots. 


In the course of these investigations it was shown frequently that if at 
any stage in the cycle of these experimental plants the boron was excluded 
from the nutrient substrate so that a deficiency of active boron occurred 
within the plant, such deficiency rapidly destroyed the potential metabolic 
possibilities of the calcium even when calcium was present in adequate con- 
centrations both in the tissues and in the substrate. Under such conditions 
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the plant quickly manifested deficiency symptoms. Were they boron defi- 
ciency symptoms or were they calcium deficiency symptoms? Who knows, 
since a deficiency of available boron in the tissues was directly associated 
with an inadequate supply of active calcium, and since the symptoms pro- 
duced by an apparent deficiency of one element were identical with those 
produced by a deficiency of the other? If, on the other hand, boron was 
maintained in adequate concentration and calcium was excluded from the 
nutrient substrate at any stage in the growth cycle, calcium deficiency symp- 
toms did not manifest themselves until the calcium previously acquired by 
the plant became inadequate in quantity to maintain the normal growth 
status of the plant. This required a relatively long period of time, since in 
the presence of an adequate supply of active boron the calcium already in 
the plant functioned quite effectively. 

There is considerable experimental evidence to indicate that boron is a 
vital factor in the processes involved in organic syntheses. During the 
course of microchemical investigations of the terminal meristematic tissues 
of both monocots and dicots, it was discovered incidentally through the use 
of methods of staining, that striking differences occurred in both the pectin 
content and the fat content of the cells of the tissues from plants grown in 
the deficient, the optimum, and the toxic boron concentration ranges. An 
attempt was then made to determine qualitatively and roughly by quantita- 
tive methods whether the differences observed might in any way be related 
to the effective boron concentrations in the nutrient substrate and in the 
tissues. It is interesting and perhaps important that plants grown within 
the range of deficient boron concentration yielded strong positive tests for 
pectins and negative tests for fats. Plants grown within the range of toxic 
boron concentrations always yielded negative tests for pectins and strong 
positive tests for fats. Plants grown in the range of optimum boron con- 
centrations always showed the presence of both pectins and fats. It must 
be strongly emphasized that these observations and tests are merely sug- 
gestive and will require confirmation by repeated checks and tests making 
use of much more exact methods of quantitative analyses than those em- 
ployed in these preliminary investigations which strongly suggest that boron 
plays an important indirect réle in carbohydrate synthesis and fat metabo- 
lism. In such a role its effects can not be direct but its influence is made 
effective through other factors in some such manner as has already been dis- 


cussed, and these factors may be inorganic in nature, such as calcium in- 
volved in the mechanisms of organic synthesis. This becomes understand- 
able in view of the fact that in green plants with high concentrations of 
active calcium, carbohydrate synthesis may give way to the formation of 
fats and fatty substances (9). Further experimental evidence also suggests 
that boron may play similar indirect roles in certain metabolic processes in- 
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volving the cations and perhaps the anions of major elements other than 
calcium (11), but this evidence is too fragmentary and inadequate for broad 
generalization. 

There is another important phase of trace element nutrition which in- 
volves the activity of the two elements iron and manganese. That these two 
elements are intimately interdependent in their effects upon the plant, and 
that the nature of the activities of one of these is determined by the pro- 
portionate presence of the other, can no longer be doubted. Such interre- 
lationships between these two elements, relative to their active influence in 
the metabolic system of the plant, have been suggested by many investigators. 
These suggestions have usually been associated with the faet that symptoms 
of chlorosis, and other characteristic effects resulting from deficiency or 
excess of one of these elements, are either identical with or reciprocally 
related to each other. 

The theoretical explanation of the réle which manganese plays in the 
metabolic processes, in which iron also assumes an important role, revolves 
around two facts: first, that the active, functional iron in the tissues is in 
the reduced state, that is, in the ferrous condition; and, second, that the 
oxidizing potential of manganese is higher than that of iron. If iron in 
the ferric state is absorbed by the plant, much of it is immediately reduced 
to the ferrous form under the powerful reducing systems in the cell, unless 
it is restrained by some counterreactant. If such a reactant is not present, 
or is present only in deficient quantity, a very low concentration of iron in 
the active state may become a powerful toxic agent resulting in a type of 
chlorosis which is readily recognizable as an iron toxicity symptom, or it 
might with equal correctness be designated as a manganese deficiency symp- 
tom. If, however, a strong oxidizing agent with an oxidizing potential con- 
siderably higher than that of iron is present in adequate concentration, the 
reduction of iron is restrained, or if iron is already present in the reduced 
state, it may be oxidized to the ferric state, in which condition it may be 
precipitated, probably in the form of ferric organic complexes. Manganese 
is the element which possesses the chemical characteristics necessary for such 
a theoretical system, and there is little doubt that it reacts with iron in the 
plant in accordance with the chemical principles suggested and in some such 
manner as is here described, but the sequence of events and the details of the 
exact processes involved are utterly complex and not at all understood. 

Assuming that such a dynamic relationship exists in the plant between 
iron and manganese, it then becomes evident that so long as a supply of iron 
and manganese is available in the nutrient substrate a dynamic equilibrium 
system involving both oxidized and reduced ions of both iron and manganese 
must be maintained. Theoretically, however, complete oxidation or com- 


plete reduction cannot be attained in such a system so long as a supply of 
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these elements is available in the nutrient substrate and absorbed by the 
plant; but the oxidation of ferrous ions to ferric ions and accordingly the 
precipitation of iron in the form of ferric organic complexes is determined 
by the relative quantity of manganic ions present in the system. Thus, 
when the relative proportion of manganic ions in the plant is high, the active 
ferrous ions are maintained at a proportionately low level through this 
process of oxidation reduction. But when the relative proportion of man- 
ganic ions is low, the active iron, which is capable of functioning in the 
metabolic processes, is maintained at a proportionately high level. When 
these active ferrous ions become excessive in the tissues through a shift in 
the dynamic equilibrium system in their direction because of a proportion- 
ately low supply of manganese in the nutrient substrate, the plant will 
manifest this excessive iron activity by the development of toxicity symp- 
toms. On the other hand, when the equilibrium is shifted in the opposite 
direction, as it is with relatively high manganese in the substrate, so that a 
deficiency of active iron results, the plant will manifest this by the develop- 
ment of symptoms associated with iron deficiency. These symptoms might 
with equal correctness be designated as manganese toxicity symptoms. 

These processes have been followed analytically both with plant materials 
and in inorganic systems and the several steps described have been experi- 
mentally verified. Their effects upon the plant can readily be demonstrated 
and this has been done in the following manner : Three series of cultures were 
grown in a standard culture solution. In each series of cultures the iron 
supply was maintained at a constant level. This was very low in one series, 
approximately optimal in the second, and high in the third. In each series 
the manganese concentration range extended from very low to very high 
concentrations so that in one direction the only variable factor was that of 
iron concentration and in the other direction the only variable factor was 
that of manganese concentration. 

Inspection of the analytical data from these series of cultures brings out 
the fact that a shift from low to high iron in the substrate causes a corre- 
sponding shift in the concentration of manganese required to produce good 
growth of the plants, free from symptoms of toxicity or deficiency. In 
other words, when iron is low in the substrate good growth is obtained only 
when manganese is correspondingly low, and when iron is high in the sub- 
strate good growth is obtained only when manganese is correspondingly high. 
The data further show that good growth can be obtained with a relatively 
wide range of iron concentrations in the nutrient substrate but only when 
accompanied by a corresponding range in the concentrations of manganese. 
This demonstrates the importance of maintaining in the nutrient substrate 
the proper ratio of iron to manganese, which has a value of approximately 
two (2) for the species investigated although good growth may be obtained 
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within a limited range of values for this ratio. It demonstrates also, that, 
within certain limits not attained in these investigations, the total supply of 
these two elements is not at all important, provided only that the proper 
ratio of active concentrations of iron to manganese is maintained. The 
analytical data show that within the tissues of the plant a similar relation- 
ship exists, not between total quantities of iron and total quantities of man- 
ganese, but between active iron and active manganese, although here a 
somewhat greater fluctuation than that which is permissible in the nutrient 
substrate, may occur in the value of this ratio and still be consistent with 
good growth and development of plants which are free from pathological 
symptoms. The effective internal range of these ratio values extends from 
approximately 1.5 to 2.5 for the species investigated, but it is not expected 
that the same range of values would be effective with all species with refer- 
ence to either the nutrient substrate or the active plant tissues. 

As a final consideration and as the result of these studies, it may be 
pointed out that the réles which have here been ascribed to the trace elements 
boron, iron, and manganese, important as they may be, are mere incidents in 
the whole complex maze of physiological functions which they may indirectly 
assume in the vital activities of any species. While it is at present impos- 
sible to assign any one particular process as the special function of a given 
trace element, it is probably safe to assume that each of these elements is a 
critical factor in every important physiological process involved in the 
nutrition of a plant. 


THE NEW JERSEY AGRICULTURAL EXPERIMENT STATION 
NEw BRUNSWICK, NEW JERSEY 
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WATER BALANCE IN THE ONION ROOT: RELATION OF VOLUME 
INTAKE TO VOLUME EXUDATE OF EXCISED ROOTS 
AND ISOLATED ROOT SEGMENTS 


HItpA F, ROSENE 


(WITH TWO FIGURES ) 


Introduction 


In order to effectively study water balance and ion exchange in higher 
plants it is important to obtain quantitative data concerning the mechanism 
of transport in root tissue per se. Such knowledge is also of significance in 
cell dynamics since water balance is a property common to all cells. 
Although a careful study involving simultaneous determinaton of both 
absorption and exudation in a single isolated root or portion of root is essen- 
tial to a complete analysis of the dynamics of polar transport in higher 
plants, no such study has appeared heretofore. The present investigation 
which was confined to excised onion roots and isolated root segments should 
be extended to include other types of roots including those which have been 
grown by tissue culture technique. 

Young onion roots (less than two weeks old) grown in water culture show 
polar apical-basal differences in rates of water intake which are character- 
istic of root tissue since these differences are maintained both before and 
after the roots have been isolated from the bulb and developing leaves; 
although water intake occurs at all levels, higher rates appear in the rela- 
tively more basal regions (16). 

Unit volume of transport at a given axial level in an excised onion root 
may be just as large or larger than when it had the supposedly added force 
of the bulb and developed leaves to reinforce or supplant its own force in 
the transport of water in a saturated atmosphere. There is, of course, no 
conclusive evidence which shows whether or not the bulb and developing 
leaves exert a force which supplants that of the root under the given condi- 
tions. Although in some roots the rates are lower immediately after sever- 
ing the root from the shoot, fifteen hours later the rate of transport by the 
excised root is frequently greater than that during a previous corresponding 
intact period. It has been shown (16), however, that rates at given axial 
levels of young roots increase with time in both the intact and excised state. 

Fluctuations in the characteristic gradients of water intake occur along 
the longitudinal axis of intact and excised onion roots. Spontaneous varia- 
tions in rates, sometimes opposite in direction, are also simultaneously ex- 
hibited by contiguous levels from one two-hour interval to another (15, 16). 


447 
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Water loss from epidermal cells has never been observed at any axial level 
in the healthy growing onion root ; but previous experiments have not shown 
whether or not a decrease in rate was produced by liquid loss from minute 
cellular areas. The area at a single potometer contact in experiments on 
several hundred roots was seldom less than 2, nor greater than 4, square 
millimeters; if liquid loss occurred from minute cellular areas decreasing 
the total intake at a single potometer contact, such loss was obscured by an 
algebraic over-all intake at a given level during the interval. JENNy, 
OVERSTREET, and AYErs (9) have demonstrated that intake of ions by some 
roots is not a unidirectional process and that the same ion species may move 
into and out of the root at the same time. Other ion exchange studies have 
also been. made; MAzia (13) showed that ion exchange occurs in Elodea; 
MULLINs and Brooks (14) and Brooks (4) have demonstrated radioactive 
ion exchanges in single cells. Is water absorption a unidirectional process? 
Does water loss occur when rates of intake decrease and exudation pressure 
falls? Does water loss enter into the maintenance of the ‘‘rhizosphere’’ 
around roots? Srerp and Brewie (18) and Brewia (2) have described 
water loss in the apical region of Vicia faba simultaneous with absorption in 
basal regions. 

The appearance of small irregular oscillations in the ‘‘bleeding”’ of cut 
stems with root systems attached was recorded by BARANETZKy in 1877 (1). 
In a recent article by Heyu (7) similar phenomena are mentioned. No mea- 
surements were made by either investigator to determine the possibilities of 
parallel variations in water intake and exudation. GROSSENBACHER (5) has 
described diurnal fluctuations in root pressure and volume exudation. 
Measurements of water intake to determine the presence or absence of 
parallel recurring maxima and minima in both absorption and exudation 
were not included in his investigations. In studies on the influence of the 
shoot on root permeability and resistance to water intake BREWIG used root 
systems with a portion of the stem attached (2). In a more recent article 
BreEwia (3) describes experiments with isolated root segments, but the ob- 
ject of the experiments differed greatly from those which are presented in 
this paper ; BREwia determined the effect of passing air over a portion of the 
root segment to simulate transpiration ; he also used osmotically active solu- 
tions. In the present investigation no attempt was made to determine the 
effect of different agents on water transport. It appears to be the first study 
to include simultaneous measurements of absorption in contiguous regions 
and exudation in root tissue per se in a saturated atmosphere under constant 
external conditions. The technique used in the following experiments makes 
possible the simultaneous measurement of intake, outgo, and retention of 
water and therefore fulfills the fundamental experimental requirement in 
an adequate quantitative study of water balance. 
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Methods and results 
WATER TRANSPORT IN EXCISED ROOTS: RELATION OF VOLUME ABSORPTION TO 
VOLUME EXUDATION 


Calibrated potometers of small bore attached in a horizontal position to 
an upright glass rod within glass chambers provided a means of determining 
absorption rates and exudation in different root regions at the same time. 
Experiments were carried out in the dark with a saturated atmosphere in- 
side the chambers. Room temperature did not vary more than + 0.5° C. in 
the longest experiments. Condensed liquid which collected on the observa- 
tion window was removed before each reading by careful manipulation of a 
‘‘window wiper’’ from the outside. Further details of the apparatus may 
be obtained from previous publications (15, 16). Roots were obtained from 
onions (Allium cepa) grown in aerated nutrient solutions or in soil. 

Simultaneous measurements of water intake and of exudation of over 100 
individual excised roots reveal that fluctuations in both volume of inflow 
and outflow occur from one two-hour interval to another and that the varia- 
tions in volume outgo may occur independently of variations in intake. The 
ratio of volume output (exudation) to volume input (absorption) during 
any two-hour interval may be equal to, slightly greater, or less, than 1. 
Characteristic results are represented by the data in table I; additional data 
would be repetitious. 

The plants from which the data in table I were obtained were placed in 
the experimental chambers the night preceding the experiment; excisions 
were made the following morning without removing the chamber covers in 
order to eliminate any marked change in humidity within the chambers. 
Only a portion of the potential absorbing surface of each root was utilized 
since not more than four potometers were used for absorption; the absorb- 
ing area at a single potometer contact was not greater than 3.69 sq. mm. and 
not less than 1.45 sq. mm. The potometers were spaced 10 mm. apart with the 
bottom potometer at the apex. Readings were made at 2-hour intervals 
throughout a 24-hour period following an initial reading at 10 a.m. Elon- 
gation at decreased rates continued in the excised roots from 6 to 12 hours. 

All four roots manifested marked oscillations of the ratio of volume inflow 
(absorption) to volume outflow (exudation) from interval to interval. In- 
dependent fluctuations in both input and output were apparent; frequently 
diminution of intake simultaneous with acceleration of outflow, or vice versa, 
was displayed. 

The greatest range of variation of ratios appears in root II, which ex- 
hibited a ratio of 0.05 during the second and 1.05 during the tenth interval. 
All four roots manifested a ratio less than unity during the first interval. 


This is usually the case immediately following excision. Although precau- 
tions were taken to supply the plant with an abundance of water preceding 
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excision, it may be that the bulb with developing leaves produced a water 
deficit in the root tissue. Water deficits and the requirements of growth 
might account for lower ratios during the first half of the 24-hour period 
before growth had ceased and before a ratio of 1.0 was attained. Root III, 
however, exhibited equal outflow and inflow during the second, third, and 
fourth intervals when growth took place and saturation deficits may have 
been present. Root III is also an exception to the fact that in most cases 
there is a marked increase in the magnitude of both inflow and outflow with 
time. Many young roots manifested a sixfold to tenfold or greater volume 
inerease with time during the 24-hour experimental period. Exudation 
usually reached a maximum before the 24-hour experimental period ended. 
Whether or not this behavior indicates a diurnal cycle has not as yet been 
determined. During consecutive two-hour intervals a twofold and even a 
threefold change in volume exudation was sometimes observed. 


ABSORPTION AND EXUDATION OF RELATIVELY APICAL SEGMENTS 


It was early observed that if an excised root was converted into an iso- 
lated segment by removal of the root cap region with a clean cut excision, 
exudation occurred solely at the basal end of the segment whether or not 
it was in an horizontal or a vertical position. When an excised root 65 mm. 
in length was cut in two, exudation appeared at both ends of the upper half. 
Individual experiments were made on 35 roots to determine the exact level 
at which exudation appeared at both apical and basal ends of an intermediate 
segment. 

Measurements of simultaneous absorption and exudation were made on 
the intermediate segments which were isolated by removing different lengths 
of the apex and base of excised roots. The lengths of the tip removed dif- 
fered by increments of 0.5 to 16mm. Five potometer tubes were used; the 
eut ends of the intermediate segments extended into tubes 1 and 5, and water 
was absorbed from tubes 2, 3, and 4 placed between them. The potometers 
were 10 mm. apart. Owing to space limitations, data from only 9 roots are 
given in table IT. 

When less than 2 mm. was removed from the apical end of the excised 
root, the intermediate segment manifested elongation. This was due to the 
fact that the greatest amount of elongation in onion roots occurs in the second 
millimeter from the apex which in this case had not been removed. At the 
beginning of the experiment a small drop of water was placed over each cut 


end in potometers 1 and 5; this was usually al sorbed by the apical end as 
shown by segments A, B, and C in roots I, IJ, and III (table IT), which 
exhibited no exudation at the apical end. Segments with 5 to 16 mm. of the 
tip removed displayed absorption or exudation at the apical end during 
alternate intervals. The magnitude of total absorption, however, exceeded 
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that of total exudation in all but segments E and F from root V and VI. 
When more than 16 mm. was removed in roots of this age exudation usually 
exceeded absorption at the cut apical end. 

total exudation 
total absorption 
was seldom unity during the first interval following excision. With time 
the ratio approached or reached unity, the isolated segment transporting all 
the water which was simultaneously absorbed ; a ratio of one was not reached 
by growing segments. A comparison of the ratios during equal intervals of 
time and constant temperature as in segments C, D, and E from roots III, 
IV, and V in table II show that exudation may be equal to, slightly greater, 
or less than, absorption during consecutive intervals. In most cases in which 
the isolated segments were placed in the chambers the night before, the seg- 
ments manifested oscillating ratios during two-hour intervals the following 
day but a ratio of unity when total outflow and inflow (sum of intervals) was 
compared. In table II, segments F, G, and H show ratios of one during the 
12- or 14-hour period of the second or third interval; in this case, however, 
it is not known if the ratios were maintained from instant to instant. 

The average rates of water intake from potometers 2, 3, and 4 were deter- 
mined but are not given in table II owing to space limitations. The highest 
rates appeared at the relatively more basal levels and fluctuations of rates 
occurred changing the gradient of distribution from time to time. Com- 
parisons of rates of water absorption of a given length of root when the root 
was intact (saturated atmosphere), when it had been excised, and finally 
when completely isolated from the root, showed that the given root tissue 
manifested the same type of behavior it exhibited before it was cut from 
the excised or intact root. 


The transport ratio of volume outflow to volume inflow 





DIRECTION OF TRANSPORT IN ISOLATED CONTIGUOUS SEGMENTS 


Figure 1 is a diagrammatic representation of total outflow and of average 
rates of intake of water in three segments cut from a 78-mm. root 5 days old. 
The segments were placed in a vertical position with 5 horizontal potometers 
attached, two (designated by arrows 1 and 5, fig. 1) to collect exudate and 
three (designated by arrows 2, 3, and 4, fig. 1) filled with tap water. The 
highest average rate of intake appeared in the middle segment at a level 45 
mm. from the apex. Comparison of apical and basal outflow in each seg- 
ment showed that the direction of outflow in the apical third was entirely 
basal against gravity ; in the middle and basal thirds outflow occurred in two 
directions; in both segments the basal outflow was greater. The total out- 
flow in the apical segment was relatively low, but in this case not only were 
the rates of intake also lower but growth of the segment had taken place. 
Although the highest rate of intake occurred in the middle third, greater 








454 PLANT PHYSIOLOGY 


Absorption ond fxudaton of 


“ Segments From 
ee Single Foot 
2 M1 § + 





‘Ss 031 wyqs - Vol Exud. 




















— ere fer | fame 
25 [119 Jim —O066 ~ ° of 
Intake 
2 a —O.O07 J 
/ UL - > 2763 S919 J_ Vo} Frud. 
- Ser >6 43/19/19? —Vol. Fxud. 
41 '—0.086 NN YMI97/hr| 
‘ Frales 
25 {7179 31K —0.08/ = , - > of 
In} 
z2|«—0.066 | alake 
a, > 2/6/MIM° — Vol. Exud 
ae —> (Od gS J Vol Fxud. 
4ik—0.056 NMNYN/1* 
eats Rales 
25 11N d 31k—0.03 "a of 
awn /niake 
a UUKO J 
L/ —>(-0/86 11/9 3)-Vol. Intake 


INN{ 
Fic. 1. Diagram of total volume outflow and average rates of intake of water in 


isolated contiguous segments of the same root. Positions of the potometers are desig 
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nated by the arrows which are numbered 1, 2, 3, 4, and 5. Observations were made 


during a 20-hour period. 


quantities of water were absorbed and transported by the basal third which 
was greater in diameter and, therefore, the area of absorption at the 3 
potometers was correspondingly greater. The results obtained from this 
root are typical of segments of the same length and relative position cut ; 
from roots 75 to 100 mm. in length. Occasionally a basal segment exhibited 
greater exudation at the apical end of the segment but outflow occurred in 
both directions. When, however, basal segments were isolated from older 
and longer roots (over 200 mm. in length) and placed in their normal up- 
right position with respect to gravity the direction of transport in the 


upright position was toward the apical end. 
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Figure 2 shows volume outflow of longer segments from two older roots 
designated as A and B. Observations were made during a 15-hour period 
with fap water in three potometers placed between those into which exuda- 
tion flowed. In both roots, the relatively more basal segments manifested 
exudation at the apical end only. As indicated by the negative (—) sign 
most of the water covering the cut basal end disappeared. Since the vessels 
were open at both ends, this disappearance was caused by gravity, the water 
appearing in the potometer at the apical end in each case. In root A, no 
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Fig, 2. Comparison of volume exudation at the ends of isolated contiguous segments 


of two roots designated as A and B. Positions of potometers designated by arrows. 


exudation appeared at the apical end of the apical segment; root B, on the 
other hand, manifested a small quantity of exudation at this end. The 
second segment from the apex manifested exudation at both cut ends; the 
volume flow in each direction was equal in root A and practically so in 
root B. 

The direction of outflow exhibited by the segments of the above two roots 
is characteristic of segments cut from older and longer roots. When basal 
segments were cut from roots 300 to 400 mm. in length and a drop of water 
was placed over each end, with the segment in the upright position, the water 
from the basal end flowed down the vessels appearing in the bottom (apical) 
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potometer immediately after; placed in an inverted position, the reverse was 
true; placed in a horizontal position equal amounts of exudation appeared 
in potometers at the two ends of the segments when water was absorbed 
from potometers in between. 

The direction of transport through the stele of an isolated segment de- 
pends upon its age and upon the level of the segment relative to its position 
on the longitudinal axis. Segments from the apical third of young roots less 
than 65 mm. in length and less than a week old exhibit basal outflow only 
in an upright, inverted, or a horizontal position ; segments from the middle 
and basal third exhibit outflow at both ends in all three positions. In iso- 
lated pieces of roots of this length the direction of transport is chiefly basal, 
structural features apparently playing a dominant role. If, however, seg- 
ments are removed from levels near the bulb in roots over 200 mm. in length 
and 3 or more weeks old, the direction of transport depends upon the posi- 
tion of the isolated segment with respect to gravity. This indicates that the 
vector forces of transport are chiefly radial in isolated segments which are 
relatively older whereas in younger segments both longitudinal and radial 
factors are involved. 

Discussion 


It is important to note that the present investigation is concerned with 
volume transport and not pressures as such. Since external conditions 
were carefully controlled, the factors which brought about variations in the 
ratio of —_ had their origin in changes in the root itself. That these 

inflow 

factors are sharply localized is shown by the simultaneous changes in rates 
at the different levels of water intake. The total intake during any one 
interval is a summation of the local changes. Whether cells gain or loose 
water from one another is not shown but evidently the factors involved alter 
the flux relations of water in individual cells. This indicates the unequal 
distribution of forces (SHULL, 17) throughout the isolated root tissue under 
the given conditions. The axial gradient of intake at any one moment is 
the algebraic sum of individual cellular activities; it varies in relation to 
both time and space under the particular conditions employed. The data 
furnish no evidence to indicate whether or not the opposite variations of 
outflow and inflow are produced by separate mechanisms. It is not believed 
that they are produced by faulty technique; similar experiments, however, 
should be carried out by other investigators to establish this property of 
isolated roots. 

With respect to water balance, determination of output, especially dur- 
ing short intervals, is not necessarily a measure of input and vice versa. 
This may be true in all types of roots; if so, conclusions regarding water 
absorption are not valid when based upon measurements of exudation and 
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not water intake itself. Sremen (19) made parallel determinations of water 
intake and exudation in the decapitated root system of Plectranthus. He 
found that volume intake was greater than volume outflow throughout a 24- 
hour period. Similar results have been obtained with onion roots in a few 
experiments. In most cases, however, where intake was greater than out- 
flow immediately after excision a ratio of unity was reached before 24 hours 
had passed. 

The magnitude of both volume inflow and outflow increased with time 
after excision. It may be that the change in rates with time indicated an 
obscure periodicity. BARANETzKy (1) observed two-hour oscillations in the 
‘‘bleeding’’ of decapitated root systems in Ricinis insignia plants 2 weeks 
old with an absence of decided periodicity at this age; but when observations 
were made on plants 5 weeks old, pronounced periodicity was noted. 

Examination of GROSSENBACHER’s curves (6) obtained from topped 
Helianthus plants shows two- and threefold variations of rates of outflow 
between maxima and minima‘of 24-hour cycles under constant external con- 
ditions. Throughout a 12-hour period isolated onion roots frequently mani- 
fest a sixfold increase in rate of outflow. KRAMerR (11) attached the cut 
stems of exuding cotton stem-root systems to a vacuum pump and noted 
(p. 486) that ‘‘four or five times as much water exuded under the reduced 
pressure as had exuded during the same period of time due to ‘root pressure’ 
alone.’’ This change is no greater than that observed in a similar 12-hour 
period with onion root tissue in the absence of applied suction; in the onion 
root the change occurred under constant external conditions and was a 
property of the tissue itself; whether or not a similar capacity is present in 
cotton roots has not been shown. By attaching topped tomato root systems 
to a vacuum pump and lowering the pressure KRAMER (12, p. 787) ‘‘ap- 
proximately doubled’’ the rate of exudation. Again it is interesting to note 
that single excised onion roots under constant conditions will do the same 
without artificially applied suction during consecutive two-hour intervals. 
K6OHNLEIN (10) and others have also applied suction to topped plants and 
obtained an inerease in exudation; it may be that a similar increase in mag- 
nitude would have been manifested by the excised root tissue over a period 
of time under constant external conditions without the application of the 
suction pump. Brewia (3), however, calls attention to the gradual decline 
of rate of exudation following excision of roots of Vicia faba; he maintains 
that in his experiments the role of ‘‘bleeding’’ can be ascertained only if 
measured immediately after cutting. When SPEemeL made parallel mea- 
surements of water inflow and outflow in the decapitated root systems of 
Plectranthus he obtained a sharp increase in both, followed by a progressive 
decrease with time during a 24-hour period (19, fig. 23, p. 102). SPEIDEL 
attributes the steep descent of both outflow and inflow and the absence of 
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periodicity to oxygen deficiency produced by a gradual decrease of oxygen 
in the closed potometers. Closed potometers were not used in the present 
investigation. 

JAMES and Baker (8) described experiments with cut pieces of Syeamore 
roots which manifested uptake of water by the morphologically lower end 
and exudation at the upper end. They maintain that ‘‘the exudation is 
always in the morphologically upward direction even when the vessels have 
been opened at both ends, and will allow water to pass freely in the longi- 
tudinal direction. A drop of water placed at the physically upper end of 
the piece of root immediately causes a drop to appear at the lower end.’’ 
Similar phenomena were not observed in pieces of onion root which mani- 
fested a longitudinal flow of water down the vessels when a drop of water 
was placed at the upper end of the root in a vertical position. Such pieces 
manifest exudation at either the distal or proximal end depending upon 
whether or not the segment is in an upright or inverted position; when 
oriented horizontally, exudation appears at both ends. JAmeEs and BAKER 
believed that their experiments furnished evidence that exudation from ves- 
sels did not take place. Although exudation from vertically placed basal 
segments cut from relatively old roots appeared in the lowest of a series of 
horizontally arranged potometers, the present experiments on onion roots do 
not furnish evidence for or against the possibility of phloem exudation since 
exudation from the phloem at the upper end of the segment would flow down 
the open vessels into the lowest potometer. The experiments do show, how- 
ever, that epidermal absorption takes place in the absence of vessels filled 
with osmotically active solutes ; forces outside of the vessels play a dominant 
role in the mechanism of intake in this case. 

Brewie (2, 3) maintains that variations of intake observed in the dif- 
ferent root regions of Vicia faba are dependent upon transpiration. As 
mentioned earlier he passed air over portions of isolated roots and root 
segments to simulate transpiration. The experiments on the onion root 
show that fluctuations of intake in isolated roots occur in a saturated atmos- 
phere under constant external conditions; in this case the regulatory phe- 
nomena are not associated with transpiration or evaporation from one end 
of the segment. 

Heyu (7) has recently reviewed various theories dealing with the phe- 
nomena of ‘‘bleeding.’’ He discusses theories which deal with tissue poten- 
tials, electro-endosmotic flow, varying conditions of the plasma membrane, 
unequal osmotic forces at opposite sides of the cell, variations in the distri- 
bution of osmotically active substances in the cell wall, rhythmic pulsation 
processes in living cells, variations in the osmotic suction strength of the 
vessel liquid, expansion and contraction of the cell or vessel walls, local dif- 
ferences in the osmotic pressure at different regions of a tissue, and changes 
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in pressure in the vessels as a result of injury. Whether or not one or more 
of the theories actually does apply to onion root tissue per se is only con- 
jecture at the present stage of the work. 


Summary 


1. Simultaneous determination of water absorption and exudation of 
excised roots and pieces of roots revealed that fluctuations in both inflow 
and outflow occurred from one two-hour interval to another in a saturated 
atmosphere at a temperature which did not vary more than + 0.5° C. during 
long intervals. The variations in outflow and inflow may be opposite in 
direction during any one interval. 
volume exudation 
volume absorption’ 
dom unity during the first interval following excision; with time the ratio 
approached or reached unity. Rates of both inflow and outflow usually in- 
crease with time during a 24-hour period following excision. 

3. The direction of longitudinal transport through an isolated piece of 
root depends upon its age and upon its position on the longitudinal axis be- 
fore cutting. Segments consisting of the apical third of young roots less 
than 70 mm. in length and less than a week old exhibit basal outflow only in 
an upright, inverted, or horizontal position with respect to gravity ; segments 
from the middle and basal third exhibit outflow at both ends in all three 
positions. The direction of transport of basal segments cut from roots over 
200 mm. in length and several weeks old depends upon the orientation of the 
segment with respect to gravity. 

4. Isolated segments of the root manifest the longitudinal gradient of 
distribution of rates of absorption characteristic of the excised and intact 
state. 


2. The transport ratio of outflow to inflow, was sel- 
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AGENCIES AFFECTING THE PRODUCTION OF SUBSTANCE B 
BY RHIZOPUS SUINUS 


CLAIR L. WORLEY 


(WITH TWO FIGURES) 


Introduction 


In view of the wide distribution of growth factors' for microorganisms, 
it is not surprising to find that they can be obtained from other species of 
fungi and from bacteria, as well as from higher organisms. For many spe- 
cies there is no need to supply the factors, because they have the ability to 
synthesize these substances rapidly enough for optimal growth. Other spe- 
cies, although capable of manufacturing their own growth factors, do so at 
a suboptimal rate. In such cases, the deficiency of these substances becomes 
a limiting factor and their addition to the nutrient solution results in a 
marked acceleration of growth. Again, an organism may be totally unable 
to synthesize the needed compounds, and its growth, therefore, is strictly 
dependent upon the presence of these substances in the substratum. The 
amount of precise work that has been done on the classification of micro- 
organisms into these three categories has been relatively large during the 
last decade. On the other hand, the quantity of work in relation to the 
agencies affecting the production of a growth factor, including vitamins, by 
the species of the first type mentioned, is very meagre and usually incidental 
to a larger problem. 

NIELSEN (5) investigated the effect of the nitrogen source on the produc- 
tion of heteroauxin by Rhizopus suinus. Similar, though broader, tests were 
performed by BONNER (1) and by THIMANN (8). Boysen JENSEN (2) tested 
the effects of substrate, of temperature, and of pH on the heteroauxin pro- 
duction by Aspergillus niger. These constitute the known published papers 
that give consideration to physiological agencies affecting the production of 
growth factors by fungi. They are limited not only in number, but also in 
scope, and are concerned with the production of substance A (i.e., hetero- 
auxin). In no ease have similar investigations been published relating to 
the production of substance B (an unknown substance increasing the dry 
weight production of Aspergillus niger and other species of fungi). 


Procedures and methods 
SPECIES EMPLOYED 
The importance of the case history of all species of fungi used in physio- 
logical work has been mentioned frequently in the literature. It is now a 


, 


1‘*Growth factors’’ is used synonymously with growth substances, plant hormones, 


plant vitamins, growth accessory substances, ete. 
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well recognized fact that two fungi, isolated from the same culture, which 
show the same morphological and reproductive habits and are therefore 
classified as the same species, may respond in entirely different manners, 
physiologically. This physiological difference explains many of the dis- 
crepancies reported by various investigators working with the same taxo- 
nomic species. 

A eulture of Rhizopus suinus Niel. was obtained from stock cultures of 
the Botany Department of the University of Wisconsin. In preliminary 
tests, the fungus was cultured on NIELSEN’s nutrient solution and under the 
conditions set forth by him. The filtrate was tested by the standardized pea, 
oat, and tomato-petiole methods for substance A, and by the Aspergillus 
niger method for substance B. In every case, positive qualitative results 
were obtained, and it was therefore concluded that this strain showed a 
physiological similarity to those employed by other workers. <A transplant 
of Aspergillus niger was made from a stock culture maintained in the same 
Department. Preliminary tests showed that this strain was augmented by 
the Rhizopus filtrate but not by the Rhizopus cultural nutrient (see later). 
The strain of Colletotrichum circinans (Berk.) Vogl. was the one employed 
by Wor.ey and Duaaar (11) in an earlier investigation. 


GENERAL PROCEDURES 


The importance of details of technique in experimental work dealing with 
the growth factors of microorganisms has been emphasized in much of the 
literature. These are critically discussed in the reviews of Peskett (7) and 
of Koser and SaAuNDErRs (4). The main points listed in their reviews were 
considered in the conduction of the following series of tests. When dealing 
with the synthesis of an unknown substance by a new organism, however, the 
determination and the standardization of cultural techniques becomes an 
integral part of the investigations. Therefore, certain aspects of these cul- 
tural techniques are considered, one at a time, in the following investigations. 

Throughout the entire investigation Pyrex glass containers were used. 
All apparatus was washed according to accepted methods and rinsed several 
times with distilled water, prior to use. The chemicals used were Baker’s 
pure erystals, unless stated otherwise. And all cultures used as stocks for 
inoculation purposes were grown on solution III (see later). These stocks 
were cultured on slants in medium-sized test tubes, from which spores were 
washed with 20 ml. of physiological salt solution. The inoculum consisted 
of a 1-ml. aliquot of this preparation. 

The standardized A. niger test method used is as follows. A 25-ml. por- 


tion of solution II and 5 ml. of the test solution were placed in each 125-ml. 
Erlenmeyer flask, in the method referred to as the 25:5 technique. In the 
49: 1 technique, 49 ml. and 1 ml. of the respective solutions were used. The 
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flasks containing the media were stoppered with cotton wadding and auto- 
elaved for 15 minutes at 15 lb. pressure. After cooling, they were inoculated 
with an A. niger spore suspension according to the procedure already given. 
The inoculated cultures were grown at 31° + 0.5° C., in diffused light, for 
66 hours. This temperature was chosen because it proved to be the optimal 
temperature, as determined by preliminary tests. Since there is an increase 
in dry weight yield of A. niger until the 60th hour, and since there is a 
decline in the same caused by autolysis, after the 72nd hour, the mid-point, 
that is 66 hours, was chosen as the sampling time. At the termination of 
this time period the mats were filtered from the liquid, washed with distilled 
water, dried for three days in an electric oven at 92° to 96° C., cooled in a 
desiccator, and weighed. 

The standardized Rhizopus sui..us cultural method employed follows. 
Aliquots of 250 ml. of solution I were placed in liter Erlenmeyer flasks, stop- 
pered with cotton, and autoclaved for 20 min. at 15 lb. pressure. After 
cooling, they were inoculated with a R. suinus spore suspension according to 
the given procedure. These cultures were grown at 25° + 1° C., in diffused 
light, for 5 days. At the end of the cultural period the mats were separated 
from their substrata by filtration; the filtrates were autoclaved and stored 
for the Aspergillus tests, while the mats were washed, oven dried, cooled, and 
weighed. This general method was the basic cultural technique from which 
variations were made. In each test, one influencing agent is varied, and this 
variance is given with each test. 


NUTRIENT SOLUTIONS 


The following nutrient solutions were used throughout this series of 
tests : 


SOLUTION I (FOR RHIZOPUS CULTURES) 


NH,-tartrate 10.228 om. (M/18) 
MgSO, 7H.O 0.493 em. (M/500) 
KH.PO, 0.545 om. (M/250) 
Dextrose 10.005 gm. (M/18) 
Ferric tartrate (sat. soln.) 3.000 drops 


Dist. H.O to 1000 ml. 


Soutution II (For ASPERGILLUS CULTURES) 


NH,NO, 5.003 gm. (M/16) 
MgSO, 7H.,0 0.616 em. (M/400) 
KH,PO, 0.619 gm. (M/220) 
Sucrose 62.215 om. (M/5.5) 
Ferrie tartrate (sat. soln.) 3.000 drops 


Dist. H.O to 1000 ml. 
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SoLuTion III (For sLANTS AND FOR COLLETOTRICHUM 


PLATES ) 
NH,NO, 5.003 gm. (M/16) 
MgSO, : 7H,0 0.616 gm. (M/400) 
KH.PO, 0.619 gm. (M/220) 
Dextrose ; 20.010 gm. (M/9) 
Ferric tartrate (sat. soln.) 3.000 drops 
Difeo agar 17.000 gm. 


Dist. H.O to 1000 ml. 


STATISTICAL ANALYSES 


During this investigation, which extended over a period of two and one- 
half years, the productivity of the strain of R. swinus slowly and progres- 
sively decreased. Thus, while the figures obtained for any one specific test 
are strictly comparable, this is not necessarily true for the figures of different 
tests. It seemed inadvisable, therefore, to average replicas and take their 
probable errors, as followed by the majority of workers in related fields. In 
lieu of the heretofore accepted procedure the following statistical method was 
employed. All measurements made, regardless of type, were recorded for 
the replicas of both controls and tests. Ratios, that is the test value divided 
by the control value, were calculated for every possible combination. The 
total number of ratios possible is the product of the number of test values 
and the number of control values. These ratios were averaged to obtain the 
value of the statistical factor (F) and its standard error (SE) was deter- 
mined. This method of assay has two distinct advantages over the methods 
in common usage: (1) it readily permits the comparison of two different sets 
of data; and (2) the standard error obtained is greatly enlarged by extremes 
in test and control values and therefore is of greater significance. This is 
especially true when its value is relatively small. 


Results 


I. THE INFLUENCE OF THE WEIGHT OF THE RHIZOPUS MAT ON THE 
PRODUCTION OF SUBSTANCE B 

The Rhizopus was cultured for five days in 250 ml. of solution I placed 
in 1-liter flasks. These were held at a temperature of 23° + 1° C., while all 
other runs were cultured at 25° + 1° C. The former were grown in the 
presence of a bottom light source obtained from six 100-watt Mazdas, placed 
at a distance of 16 inches and separated from the flasks by a glass plate and 
a one-inch running-water filter. Four filtrates of the Rhizopus cultures were 
tested by the Aspergillus method at three concentrations. 

The results in table I fail to show any correlation between the amount 


of the growth factor produced and the amount of Rhizopus mycelium con- 
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TABLE I 


Rhizopus suinus; THE RELATION OF THE DRY WEIGHT OF THE MYCELIUM TO THE 
PRODUCTION OF SUBSTANCE B (3 REPLICAS) 








RHIZOPUS: CONCENTRATIONS | ASPERGILLUS : 
¥ oy ee = DRY WEIGHT 


‘ULTURE Y WEIGHT TESTED F+SE 
aiartceas Peg ine peal TS*: Nutrient: H.O| °F MYCELIUM ” 
. eins rots 9: Sala (AVERAGE) | 

| 


mg. mg. 

Control 0: 40: 10 35.8 1.00 
1: 40:9 64.1 1.79 + 0.024 
Test filtrate L ..... 111.0 5: 40:5 67.9 1.90 + 0.014 
10: 40: 0 97.0 2.71 + 0.022 
1: 40:9 42.6 1.19 + 0.013 
Test filtrate IT .. 108.0 5: 40:5 78.5 2.19 + 0.019 
10: 40: 0 119.2 3.33 + 0.037 
1: 40:9 42.6 1.19 + 0.035 
Test filtrate IT1 ..... 180.4 | 5: 40:5 68.4 1.91+0.018 
10: 40: 0 125.9 3.51 + 0.024 
1: 40:9 38.9 1.09 + 0.012 
Test filtrate IV 189.0 5: 40:5 64.8 1.81 + 0.047 
10: 40: 0 81.9 2.29 + 0.053 

| 


* TS =test solutions; i.e., the Rhizopus filtrate. 








tributing to its production. In each case, however, the yield of A. niger 
was increased with an increase in the amount of the filtrate tested. The 
above test was repeated twice using the same culture flasks in the same posi- 
tions. The results were very comparable and showed the same interrelation- 
ships as those included in table I. These data suggested that environmental 
agencies might exert important réles on the productivity of the stimulant. 
And since the distribution of the light was not exactly even, this test was 
repeated in total darkness, in order to investigate this aspect more thoroughly. 


II. THE INFLUENCE OF THE WEIGHT OF THE RHIZOPUS MAT ON THE 
PRODUCTION OF THE GROWTH FACTOR, WHEN CULTURED 
IN TOTAL DARKNESS 


The method of culturing the Rhizopus was the same as that used for 
test I, save that the culturing took place in total darkness and at 25° + 1° C. 
All the filtrates were tested by the standard 25:5 Aspergillus technique. 

These results, like those of test I, fail to show any relationship between 
the amount of fungal growth and the substance B production. Once again, 
marked variations occurred between the stimulated powers of several Rhi- 
zopus cultures. These variations were repeatable in the same order and 
degree by using the same flasks in the same positions. Test II tends to 
eliminate light as the causal agent in the environment. These variations 
may be caused by a balance between the productions of growth promoting 
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TABLE II 


Rhizopus suinus; THE RELATION OF THE DRY WEIGHT OF MYCELIUM, FOR CULTURES GROWN 
IN TOTAL DARKNESS, TO THE PRODUCTION OF SUBSTANCE B (5 REPLICAS) 


Cc A SE Sapna saenneenasanenesioaninaseannsnteenanamee 





Ruizopvs: ASPERGILLUS: 
CULTURE DRY WEIGHT OF AVERAGE DRY WEIGHT F+SE 
MYCELIUM OF MYCELIUM 
md. mg. 

Contre) ................ 105.3 1.60 
TS-1 49.7 170.0 1.62 + 0.014 
TS-2 .... 53.1 135.1 1.29 + 0.009 
TS-3 ....... 63.7 177.4 1.70 + 0.004 
TS—4 49.3 185.2 1.76 + 0.013 


and growth inhibiting factors. The succeeding tests investigate the first 
hypothesis, and arguments in support of the second hypothesis are presented 
throughout this investigation and the one to follow (which ineludes physico- 
chemical properties of the active factors in the filtrate). The non-correla- 
tion noted in the above two tests (I and IT) is in accord with the production 
of substance A by the same species of fungus (BONNER, 1). These results 
suggested the advisability of separating substances A and B prior to testing. 


III. THE EFFECT OF VARIOUS CONCENTRATIONS OF AN ETHER-TREATED 
FILTRATE OF RHIZOPUS, ON THE DRY WEIGHT YIELD OF A. niger 


The Rhizopus was cultured in accordance with the standard method given 
above. The mat was filtered from the liquid, and the filtrate was layered 
three times (15 minutes) with equal volumes of peroxide-free ether. Hetero- 
auxin was demonstrated in the ether-soluble fraction by the accepted pea and 
oats methods. The aqueous portion, containing ether-insoluble compounds, 
was tested by the standard A. niger method. 


TABLE III 


DRY WEIGHT YIELDS OF ASPERGILLUS ON VARIOUS CONCENTRATIONS OF ETHER-INSOLUBLE 
FILTRATES (TS) oF Rhizopus suinus (5 REPLICAS) 


| 
CONCENTRATIONS ASPERGILLUS: | 
CULTURE | TESTED AVERAGE DRY WEIGHT | F+SE 
TS: NuTRIENT: H,.O OF MYCELIUM 
ml. mq. 
Control 0: 40: 10 38.0 1.00 
TS-1 1: 49:9 76.8 2.23 + 0.032 
TS-2 2: 40:8 84.3 2.46 + 0.068 
TS-3 5: 40:5 115.5 3.36 + 0.028 
TS—4 10: 40: 0 104.3 3.03 + 0.030 


Test III confirms the work of NIELSEN and HARTELIUs (6) by which it 
was demonstrated that the Rhizopus filtrate actually contains two growth 
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factors which may be separated by their respective solubilities in ether; viz., 
substance A, or heteroauxin, which is ether soluble; and the ether-insoluble 
substance B which augments the production of dry matter by A. niger. 

It is obvious that 5 ml. of the ether-insoluble fraction of the filtrate, in 
50 ml. of the test nutrient, yields the maximal results. With the use of 
untreated filtrate (cf. table 1), however, much greater concentrations are 
required before the maximal yield is reached. Since a greater variation in 
the concentration remains more nearly parallel with the subsequent yield 
with the use of the untreated filtrate, as compared to the ether-insoluble 
fraction, the former was used throughout the following tests. Subsequent 
tests, to be reported later, indicate that the stimulant might be a labile com- 
plex and not one definite compound. Therefore, until the definite physico- 
chemical properties of the so-called substance B are known, the untreated 
filtrate is used in the tests, since any pre-treatment might produce an inde- 
terminable artifact. 


[V. THE INFLUENCE OF THE LIQUID AREA EXPOSED PER UNIT VOLUME ON 
THE PRODUCTION OF SUBSTANCE B By R. suinus 


The Rhizopus was cultured in various sized containers so that the area 
exposed, for 50 ml. of nutrient, varied from 16 sq. em. to over ten times that 
area. The inoculum was in proportion to that of the standard method (7.e., 
i the customary amount), and all other conditions were held as heretofore. 
The various filtrates were tested by the 25:5 Aspergillus method. 


TABLE IV 


INFLUENCE OF AREA EXPOSED PER UNIT VOLUME ON THE PRODUCTION OF 
SUBSTANCE B (7 REPLICAS) 


CULTURE RHIZOPUS: ASPERGILLUS: 
EXPRESSED AS DRY WEIGHT OF AVERAGE DRY WEIGHT F+SE 
AREA EXPOSED MYCELIUM OF MYCELIUM 
sq. cm, md. md. 
Control 247.5 1.00 
162.0 133. 317.1 1.29 + 0.056 
136.9 97.9 270.2 1.10 + 0.017 
99.0 68.5 260.4 1.06 + 0.016 
83.8 42.5 298.9 1.22 + 0.029 
49.5 80.4 351.1 1.43 + 0.019 
31.3 37.0 320.1 1.30 + 0.017 
24.3 33.7 352.5 1.43 + 0.022 
16.0 39.4 290.4 1.17 +0.018 


The data in table IV fail to reveal any relationship between the areas 
exposed per unit volume and the effectiveness of the filtrates. These results 
have two possible interpretations. First, the relative size of the surface area 
plays no part in the production of substance B. Secondly, the surface area 
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influences not only the production of substance B, but also of a substance 
which inhibits the growth of A. niger. As a result, the effectiveness of the 
filtrate would not depend solely on the amount of substance B but rather 
on the balance of this substance with the inhibitory factors produced in the 
same culture. The second possibility is the more plausible. It is well known 
that the presence of inhibitors in substrata on which fungi are cultured is 
more universal than the occurrence of stimulators. Furthermore, the pro- 
duction of heteroauxin by R. swinus parallels the degree to which the eul- 
tures are aerated, or to the relative area exposed [BoNNER (1) and Tur- 
MANN (8)]. The depression of heteroauxin on the growth of the strain of 
A. niger used was demonstrated by qualitative tests. Heteroauxin was sig- 
nificantly toxie to the strain of A. niger employed in concentrations as low 
as 1 p.p.m., and markedly so at 10 and 100 p.p.m. This is within the range 
of heteroauxin oceurring in Rhizopus suinus filtrates. It is, therefore, 
entirely possible that the surface area did influence the production of sub- 
stance B, but also affected, in like manner, the production of inhibitors 
(heteroauxin ?). The untreated filtrates, therefore, failed to show a rela- 
tionship between the effectiveness and the area exposed, because the stimu- 
lating value did not depend on the growth factor alone, but on the balance 
of this with inhibitory products. Prior to the complete solution of this 
problem, as well as of other problems relevant to growth factor production, 
it will be necessary to separate the stimulators from the inhibitors. 


V. EFFECT OF WHITE LIGHT ON THE PRODUCTION OF SUBSTANCE B BY 
Rhizopus suinus 


Three Rhizopus cultures were assembled and grown under standard 
methods, with the following variances. Two flasks were so placed for growth 
as to be subjected to a bottom white light with an energy value of 570 to 580 
ergs/em.?/see. The third flask was cultured under similar conditions except 
that it was kept in total darkness. The respective filtrates were tested by 
the standard 25:5 Aspergillus technique. 


TABLE V 


EFFECT OF LIGHT AND DARKNESS ON SUBSTANCE B PRODUCTION (3 REPLICAS) 


RHIZOPUS: ASPERGILLUS: 


CULTURE DRY WEIGHT OF AVERAGE DRY WEIGHT F+SE 
MYCELIUM OF MYCELIUM 
mg. md. 
na. 2 } 
Control 270.3 | 1.00 
Darkness 99.0 292.4 1.08 + 0.007 
Light 1 32.6 285.0 1.05 + 0.011 


Light 2 96.6 270.3 1.00 + 0.009 
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The results in table V indicate little or no effect of bottom light on the 
production of this growth factor. It is to be noted that one of the cultures 
exposed to the light produced a filtrate which was ineffective, and that the 
other produced a filtrate which was less effective than that normally experi- 
enced. A comparison of the Rhizopus dry weight yields and the respective 
values of their filtrates emphasizes once again the lack of correlation between 
actual growth and the production of the growth factor. 


VI. EFFECT OF MONOCHROMATIC IRRADIATIONS ON SUBSTANCE B 
PRODUCTION 


When employing a light from a top source it is necessary to prevent a 
foeusing effect from the container and any shading from the cotton plugs. 
This was accomplished by using 12-o0z., flat-sided, reagent bottles, which were 
placed on the broad side under the light whose effect was to be tested. The 
controls weve arranged in a similar position, but placed in total darkness. 
Because of the size of the containers it was necessary to use 50 ml., rather 
than 250 ml., of the culture nutrient. All filtrates were tested by the 25:5 
technique. 

The three monochromatic lights were arranged and standardized by Dr. 
WILLIAM GRAY, to whom sincere thanks are extended. The ultimate light 
source was a mercury lamp and the monochromatic lights were obtained by 
combinations of four liquid dye solutions, each 1 cm. in depth. Those used 
were: 


GREEN ................ Main line at 5640 A. Intensity 224 to 232 ergs/cm.*/see. 
Filter layers: 0.22 per cent. potassium dichromate; 6 
per cent. CuSO,; and two of neodymium-NH,NO,. 

Buve .................... Main line at 4360 A. Intensity 288 ergs/em.’/see. Filter ~ 
layers: 2 per cent. quinine-HCl; 6 per cent. CuSO,; 
0.003 per cent. acid-rhodamine ; and ammoniacal-CuSQ,. 

YELLOW ............ Main line at 5780 A. Intensity 392 ergs/em.?/see. Filter 
layers: 6 per cent. CuSO,; 2 per cent. quinine-HCl; 
0.02 per cent. tartrazine + 0.02 per cent. erythrosine ; and 
distilled H,O. 

The effects of the monochromatic lights on the production of substance B 
are more marked than the effect of the entire visible range. This difference, 
perhaps, is the result of the direction of the incident light; the white light 
striking the under side of the mat, and the others the top surface. A more 
plausible explanation lies in the possibility of opposite effects of the various 
light ranges tending to balance each other in the complete visible range. 
This is indicated by the data of table VI. The yellow light greatly reduced 
the effectiveness of the Rhizopus filtrate as compared with the control eul- 
tures in the dark, while the green and the blue lights had the opposite effect. 
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TABLE VI 


EFFECT OF MONOCHROMATIC BLUE, GREEN, AND YELLOW LIGHTS ON THE PRODUCTION OF 
SUBSTANCE B By R. swinus (7 REPLICAS FOR YELLOW, AND BLUE, 
3 REPLICAS FOR GREEN ) 














: —— 
RHIZOPUS: ASPERGILLUS: 








CULTURE DRY WEIGHT OF | AVERAGE DRY WEIGHT F+SE 
MYCELIUM OF MYCELIUM 
mg. mg. | 

Control 1 | 228.3 1.00 
YELLOw light | | 

Test 1 ..... 15.8 411.1 1.78 + 0.026 

Test 2 cademahi 22.2 379.0 1.65 + 0.023 

Dark 1 - 55.2 582.7 2.55 + 0.108 

eee 2 - | 45.3 487.2 2.14 + 0.023 
BLUE light | 

Test i 31.0 491.4 2.16 + 0.019 

Test 2 a 26.0 493.7 2.18 + 0.025 

Dark 1 scimamea a | 43.4 461.9 2.03 + 0.028 

Dark 2 i aoe 40.5 442.0 1.94 + 0.101 

Control 2 ....... —- 270.3 1.00 
GREEN light 

Test 1 .... 49.1 335.4 1.24 + 0.021 

an 2. 42.0 324.4 1.20 + 0.011 

Dark 1 achat’ 97.9 299.5 1.11+0.013 

meee B ...nc... 80.3 293.1 1.08 + 0.007 





Whether the lights exerted their influences directly on the filtrate or 
indirectly on the mycelium is not known. All cultures grown in total dark- 
ness produced mycelia completely submerged. Those grown in the presence 
of the lights, however, did develop floating mats with typical aerial hyphae. 
There was neither sporulation nor pigmentation when subjected to either 
yellow or blue light. When subjected to green light the sporulation was 
comparable to that of the white light tests and the pigmentation was but 
slightly less intense. In these tests, however, there was no direct relation- 
ship between the type of growth and the growth factor productivity. 


VII. INFLUENCE OF THE SIZE OF THE RHIZOPUS INOCULUM ON THE 
ULTIMATE PRODUCTION OF SUBSTANCE B 

Although the size of the Rhizopus inoculum was varied in neither pre- 
ceding nor subsequent tests, and therefore played no part in the variations 
recorded there, it seemed advisable to ascertain whether it influenced the 
substance B productivity of the cultures. Standard Rhizopus cultures were 
used except that the size of the inoculum was varied from one-eighth to twice 
the amount employed in the standard technique. 

The data of table VII show that a doubling of the size of the Rhizopus 
inoculum does result in a significant increase in the stimulative power of the 
ultimate filtrate. Since the amount of the physiological solution used was 
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TABLE VII 


EFFECT OF THE SIZE OF THE INOCULUM ON THE SUBSTANCE B PRODUCTION BY 
Rhizopus suinus (7 REPLICAS) 





+ aeRO AS ST TEE = en Son —— 





(CULTURE EXPRESSED 





| RHIZOPUS: ASPERGILLUS: 
AS SIZE OF THE DRY WEIGHT OF AVERAGE DRY WEIGHT F+SE 
INOCULUM | MYCELIUM OF MYCELIUM 

mg. mg. 
ee ...0. 356.5 | 1.00 
2 norma! ........... 47.0 525.7 1.48 + 0.013 
Noreal .i............... 54.7 462.1 1.30 + 0.007 
4 norma! .... 48.6 448.2 1.26 + 0.007 
} norma! ........ 60.0 425.1 1.19 + 0.007 
} normal | 1.15 + 0.007 


51.3 408.1 





the same for all tests, the inorganic ions thus introduced were not responsible 
for the results obtained. There are two possibilities of carry-over effects; 
that in the liquid, and that in the spores themselves. That the former of 
those two is most probably not the causal agent is indicated indirectly by 
the fact that increases of Rhizopus filtrates, many fold greater, exert lesser 
degrees of acceleration. The possibility of a carry-over effect in the spores 
was not tested. The most acceptable possibility, however, is an indirect one 
through the effect of the size of the inoculum on the subsequent Rhizopus 
growth. The greater the concentration of the inoculum, the greater the rate 
of the initial growth, the earlier the sporulation, and the earlier the initiation 
of the subsequent autolysis. If substance B production is correlated with 
the rapidity of growth, with spore production, or with autolysis, this latter 
hypothesis would tend to explain the results of table VII above. Through- 
out this series of investigations it was observed that the stimulative power 
of the filtrate was always greatest in those cultures in which the Rhizopus 
had formed spores previous to the termination of the run. And, at present, 
it is tentatively assumed that the last explanation is the most plausible for 
the interpretation of the results obtained. 


VIII. THe RELATIVE PRODUCTIVITY OF SUBSTANCE B, BY Rhizopus 
suinus, AT DIFFERENT TEMPERATURES 


Seven standard cultures of Rhizopus were grown at various temperatures. 
They were placed in available incubators, baths, and rooms whose tempera- 
tures fluctuated less than 1° C. The temperatures used were: 11°, 18°, 25°, 
31°, 35°, and 41° C. All other conditions were held as nearly equal as possi- 
ble. The relative humidities and the intensities of the diffused lights, how- 
ever, varied slightly. The test at 11° C. failed to grow and consequently 
was not tested. The filtrates of the remaining six cultures were tested by 
the standard 25:5 Aspergillus technique. 
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TABLE VIII 


EFFECT OF TEMPERATURE ON THE SUBSTANCE B PRODUCTIVITY OF Rhizopus suinus 
(3 REPLICAS) 














: — - : 
CULTURE | RHIZOPUS: ASPERGILLUS: 





EXPRESSED AS DRY WEIGHT OF AVERAGE DRY WEIGHT F+SE 
TEMPERATURE MYCELIUM OF MYCELIUM 
mg. mg. 

Control 270.3 1.00 
18° C. 88.9 279.5 1.04 + 0.032 
25° C. 109.2 283.7 1.05 + 0.007 
28° C. 200.0 300.5 1.11 + 0.031 
31° C., 771.3 422.3 1.56 + 0.007 
35° C. 128.2 300.0 1.11+0.017 
41° C. 43.2 230.4 | 0.85 + 0.007 


It is obvious that the production of substance B is affected markedly by 
the incident temperature. Whether this effect is direct or indirect has not 
been ascertained. Up to and including the optimal temperature of 31° C. 
there is a relationship between the weight of the Rhizopus mat and the 
effectiveness of the filtrate. The relationship between the productivity and 
the abundance of aerial hyphae and sporulation is even more marked. These 
in outline form are: 


18° C.—floating mat ; no aerial hyphae; no spores. 

25° C.—floating mat ; aerial hyphae ; few spores. 

28° C.—floating mat ; aerial hyphae ; good spore production. 

31° C.—floating mat ; aerial hyphae reaching 1 inch in height; 
very intense sporulation, evident as early as 34 days. 

35° C.—floating mat ; aerial hyphae ; good spore production. 

41° C.—submerged gelatinous mass. 


The rapidity with which the mycelia developed was correlated with the 
degree of sporulation. This, once again, indicates the possibility of a rela- 
tionship of the production of this growth factor either with the rate of 
growth or with the process of sporulation. The results obtained at 41° C., 
however, would require a separate explanation. 

NIELSEN (5) reported that the maximal yield of substance A (hetero- 
auxin), by the same species, occurred at 35° C. And, BoysEN JENSEN, in- 
vestigating the production of heteroauxin by Aspergillus niger (2), recorded 
that the greatest accumulation occurred at 36 to 37° C. Their results sug- 
gest that the sudden drop in effectiveness noted for the filtrates from cultures 
grown at temperatures above 31° C. might possibly be due to a marked 
increase in the production of substance A. The effectiveness tested, there- 


fore, could be the result of the balance of substances A and B. The inhibit- 
ing effect of the filtrate of the 41° C. culture is more probably caused by 
some metabolic product other than heteroauxin, since the production of this 
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substance is known to be very low at the higher temperatures. Although 
the results obtained are not necessarily indicative of the absolute produc- 
tivity of substance B, they do show that the stimulative value of the Rhizopus 
filtrate, as tested by Aspergillus niger, is influenced markedly by the tem- 
perature. The cardinal temperatures, in relation to the effectiveness of the 
filtrate, are: minimal, near 18° C.; optimal, 31° C.; maximal, slightly above 
35° C. It is assumed, however, that the production of substance B parallels 
this effectiveness relatively closely. 


IX. AERATION OF THE RHIZOPUS CULTURE AND ITS EFFECT ON THE 
SUBSTANCE B PRODUCTION 


Six standard Rhizopus cultures were used for these tests. One was 
plugged with cotton wadding as used throughout all other tests (solution K). 
The second flask was closed with a rubber stopper and sealed with paraffin 
(solution Seal). The third culture was aerated with sterilized air bubbling 
through the solution at the rate of six bubbles per minute (solution Air). 
The fourth was the same as the third, save nitrogen was substituted for the 
air (solution N). In the fifth, pure oxygen replaced the air of the third 
(solution O-1). And in the sixth, the space above the solution was aerated 
with pure oxygen at the same rate (solution O-2). Other cultural pro- 
cedures were as of the standard technique, and the untreated filtrates were 
tested by the 25:5 method. 

TABLE IX 


EFFECT OF AERATION ON SUBSTANCE B PRODUCTION (3 REPLICAS) 


RHIZOPUS: ASPERGILLUS : 
CULTURE DRY WEIGHT OF AVERAGE DRY WEIGHT | F+SE 
MYCELIUM OF MYCELIUM 
mg. mg. 

Control* 100.8 1.00 
Sealt 144.0 145.5 1.45 + 0.028 
K* : 149.1 160.2 1.59 + 0.015 
0-2 300.2 170.2 1.65 + 0.043 
Air 73.7 174.1 1. 73 + 0.056 
O-1 174.5 206.5 2.06 + 0.045 
N No growth 


* Four replicas. 

t Submerged mat. 

The production of substance B is directly related to the degree of aera- 
tion, as is illustrated by the results shown. This increase in substance B 
accumulation, resulting from increased aeration, is undoubtedly more 
marked than the above data indicate, since BONNER (1) showed that hetero- 
auxin production, by the same species, is greatly increased by an increase in 


aerobic metabolism, and since preliminary tests demonstrated the toxicity of 
this substance to the growth of Aspergillus niger. 
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The results obtained for the sealed culture show that the flask contained 
ample air, not only for growth but for a significant production of substance 
B. Although, in most cases, the production of this growth factor appeared 
to possess a relationship with rapid initial growth and with spore formation, 
these same results demonstrate that the process of asexual fruiting is not 
absolutely essential. A continuous exchange of the air above the liquid 
(O-2) resulted in a greater effectiveness of the filtrate, while the stimulative 
value of the filtrate of the flask stoppered with cotton wadding was inter- 
mediate to these last two. Herein lies a partial explanation of the variations 
in effectiveness observed for various cultures grown under strictly standard 
methods. The tighter the wadding the less the degree of gaseous exchange, 
and therefore a decrease in the production of the growth factor. Complete 
aeration of the liquid and of the gas above it (O—1) resulted in a 50 per cent. 
increase in production over that obtained for the sealed culture. Since the 
Rhizopus failed to grow under anaerobic conditions, and since growth is a 
prerequisite to substance B production it was impossible to ascertain whether 
oxygen is essential for the formation of this growth factor. 

The data above, once again, demonstrate the lack of a relationship 
between the mycelial production of Rhizopus and the amount of the sub- 
stance B produced. 


X. EFFECT OF FILTER PAPER ON THE PRODUCTION OF SUBSTANCE B BY 
Rhizopus suinus 


It has been reported that filter paper not only influences the accumula- 
tion of the heteroauxin formed, but also that it stimulates the growth of this 
fungus (WorLEY, 10). It seemed advisable, therefore, to test whether filter 
paper would play a similar role in substance B production. Two flasks of 
the fungus were cultured ; the one was run under standard culture methods, 
while the other contained one shredded 120-mm. filter paper. The filtrates 
were concentrated to one fifth their original volumes, by partial evaporation, 
and then diluted to the concentrations desired. The following concentra- 
tions were prepared and tested. 


5 1 ml. of concentrate equivalent to 5.0 ml. of filter-paper filtrate. 
F-2.5 =1 ml. of concentrate equivalent to 2.5 ml. of filter-paper filtrate. 


W-5.0 = 1 ml. of concentrate equivalent to 5.0 ml. of regular filtrate. 
W-2.5 = 1 ml. of concentrate equivalent to 2.5 ml. of regular filtrate. 
ete. 


The filtrates were tested not only by the Aspergillus niger method (table 
XI), but also by the Colletotrichum circinans method reported by Wor.LeEy 
and Duae@ar (11). In lieu of the diameter measurements, as given in their 
paper, the comparisons were made on total areas (table X). This change 
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permits a comparison with dry weight measurements of fungi grown on 
iquid cultures. The results are also given in a form to show the relative 
1q 


effects of the test solutions at different time periods. 


given by WORLEY (9). 
TABLE X 


EFFECT OF FILTER PAPER ON SUBSTANCE B PRODUCTION, 


Colletotrichum circinans METHOD (5 REPI 





7 
é TIME INTERVALS 
CULTURE oes 
} 


TOTAL AREAS (SQ. CM.) OF Colletotrichum 


In addition to the two 
aecepted methods of interpretation, viz., radial, and ring-area, the sector- 
area method was employed. The advantages of this latter method have been 


4ICAS ) 


AS TESTED BY THE 


circinans AT VARIOUS 





0 | 3 DAYS | 6 DAYS | 8 DAYS |11 DAYs/| 14 DAYs| 17 DAYS | 20 DAYS 

Control | 0.008 0.33 | 2.75 5.30 10.18 15.55 22.90 | 31.47 
F-5.0 | 0.008 | 0.61 | 3.73 7.65 | 13.85 | 22.06 | 32.17 | 42.7 

F-2.5 | 0.008 0.55 3.63 6.33 13.20 21.24 30.58 | 41.06 
F-1.5 0.008 0.52 3.56 6.20 12.32 19.24 27.81 37.18 
F-1.0 , 0.008 0.57 3.63 6.29 12.76 19.87 28.27 38.26 
F-0.5 0.008 0.65 3.70 6.68 12.88 19.01 27.34 35.26 
W-5.0 0.008 0.54 3.56 6.25 12.25 19.48 28.56 38.48 
W-2.5 0.008 0.40 2.52 4.83 10.24 17.20 26.15 35.78 
W-1.5 0.008 0.31 2.81 5.68 11.70 18.70 28.37 37.50 
W-1.0 0.008 0.54 | 3.37 5.94 12.38 19.32 27.25 37.39 
W-0.5 0.008 0.54 3.43 6.16 12.44 19.32 25.97 33.29 


The same test solutions were diluted to one part in five and then tested 
by the 25:5 Aspergillus niger method. The results are given in table XI. 


TABLE XI 


EFFECT OF FILTER PAPER ON SUBSTANCE B PRODUCTION, AS TESTED BY Aspergillus 


niger (3 REPLICAS ) 


ASPERGILLUS: AVERAGE DRY 
WEIGHT OF MYCELIUM 


CULTURE 


mg. 
Control 52.3 
F-2.5 217.0 
F-1.5 207.9 
F-1.0 184.2 
F-0.5 138.4 
W-2.5 362.3 
W-1.5 231.8 
W-1.0 192.9 
W-0.5 173.8 


The interpretation of the effect of filter paper, in the nutrient solution, 


1.00 

4.16 + 0.062 
3.98 + 0.068 
3.53 + 0.055 
2.65 + 0.149 
6.94 + 0.219 
4.44 + 0.086 
3.69 + 0.061 
3.31 + 0.044 


on the production of substance B is dependent upon the test organism used. 


The above data show a significantly higher augmentation of the growth of 
Colletotrichum circinans on the addition of a filter-paper filtrate than on 
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the addition of a regular filtrate. This increase in acceleration, arising from 
the presence of the filter paper, is significantly greater regardless of the con- 
centration of the filtrate used. It is of interest to note that the lower concen- 
trations of the test filtrate frequently show a greater augmentation during 
the earlier stages of growth, while increasing amounts give parallel increases 
of growth during the later stages. Throughout these tests, however, the 
regular filtrate (without filter paper) tended to show a lesser stimulation 
than the other at the same concentration. That a tenfold concentration did 
not show an increase in growth ten times as great, and the fact that the less 
concentrated filtrates show a greater acceleration during the earlier stages 
are indicative of other factors being limiting in effect on the utilization of 
superoptimal amounts of substance B by Colletotrichum circinans. The 
results of the higher concentrations are given in graphic form (fig. 1) to 


SQ 
CM 
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40, Fd «SOLN. W-5.0 
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; 
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Fig. 1. The effect of filter paper on the production of substance B, as tested by 
Colletotrichum circinans (diseussion in text). 





show more clearly the difference of effects between the regular and the filter- 
paper filtrates upon this organism. Both the data of table X and of figure 1 
indicate a steady acceleration of the tests over the control throughout the 
entire duration of the runs. That the above is not the case is shown by the 
caleulations of ratios, one set of which is given in graphie form as figure 2. 
It becomes obvious that the growths of the test cultures, as compared with 
the control culture, are very erratic, and that the more stimulative the filtrate 
the greater is its variability. Most of the tests show a marked stimulating 
effect during the first three days, an inhibiting one during the next several, 
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Fie. 2. The irregularity of stimulation at various time intervals (discussion in text). 
g 5 


a second and lesser augmentation up to approximately the seventeenth day, 
no effect near the twentieth day, and a slight inhibition thereafter. No 
explanation is offered for these marked variations in the degrees of accelera- 
tion during the various periods of growth. 

These same factors were tested by a second organism, viz., Aspergillus 
niger. The data of table XII reveal that the effectiveness of the test filtrates 
upon this fungus was the reverse of that shown by Colletotrichum circinans. 
In this case, the regular filtrates showed a marked and consistently higher 
stimulating effect than those of the filter paper. 

This difference in effectiveness, as shown by the two test organisms, is 
further proof of the presence of both inhibiting and stimulating factors. 
It is also possible that the two test organisms are stimulated by two different 
metabolic products. Such an explanation, however, is not plausible. This 
is also shown by recent work which indicates a greater and greater similarity 
of growth factors for the various microorganisms. It is tentatively assumed 
that the effectiveness is dependent upon the balance of stimulators and in- 
hibitors, and that a given balance may affect two test organisms in different 
manners. If it is assumed that the inhibitor and the stimulator mutually 
influence Aspergillus niger when present in the same concentrations, then 
the inhibitor (heteroauxin ?) must accumulate in greater concentrations in 
the presence of filter paper than does the growth factor. If this assumption 
is true, the effect of the factor on Colletotrichum circinans must be more 
potent than the inhibitor. The results with Aspergillus niger alone could 
be interpreted as showing that filter paper augments the accumulation of 
an inhibitor and plays a lesser or no part in the accumulation of the factor. 
The results with Colletotrichum circinans are then indicative of different 
growth regulators or are proof that the above mentioned condition does not 
exist. On the other hand, if there are but two substances, and if the effee- 
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tiveness of these two contrasting factors are different reciprocally, their 
respective accumulations cannot be hypothesized from the data at hand. In 
any case, however, a given balance of the two contrasting factors must affect 
the two organisms in different manners. A fourth explanation is possible. 
The filter paper itself may contain a soluble substance stimulative to Colleto- 
trichum circinans and another inhibitive to Aspergillus niger. These sub- 
stances may have been carried over in the filtrates and thus exert an effect 
on the organisms. The concentration of any soluble substance of the filter 
paper in the ultimate test solution, however, would be so small that this 
possibility is of little value. Furthermore, all solutions were filtered with 
the same type of filter paper, thereby permitting the accumulations of any 
such hypothetical substances in both types of test filtrates. Regardless of the 
explanation accepted, the first being the more plausible, the addition of filter 
paper results in an increased acceleration for Colletotrichum circinans and 
a decreased augmentation for Aspergillus niger. 


General discussion and summary 


Few studies in the metabolism of microorganisms have dealt with the 
quantitative production of the so-called growth factors. Such investigations 
have been limited by the lack of sufficiently specific tests. Until these factors 
have been isolated or at least freed from concurrently occurring inhibitors 
and other stimulators, and until either biological or chemical tests have been 
developed to measure a specific compound microquantitatively, it will be 
impossible to ascertain the effect of the environment or the composition of 
the substratum on the quantitative production of growth factors by these 
lower organisms. Therefore, present studies are nothing more than indica- 
tions in induced alterations in the effectiveness of a solution or tissue. They 
result in but a poor insight into the changes in effectiveness and fail to prove 
definitely whether the alteration is due to a change in the absolute amount 
of the growth factor or to a change in the balance between this factor (and 
other stimulators) and the inhibitors. Throughout this discussion it is to be 
remembered that the effects stated are those on effectiveness rather than on 
substance B itself. 

A survey of all tests run demonstrates the lack of a correlation between 
the amount of the growth factor produced (7.e., total effectiveness) and the 
amount of Rhizopus suinus mycelia contributing to its production. Certain 
tests, however, do indicate a relationship of substance B production with the 
type of growth. Either a rapid initial growth or an intense spore produc- 
tion by the Rhizopus results in a greater accumulation of the factor in its 
filtrate. Although most tests show a relationship between sporulation and 
substance B production, other results show that the fructifications are not 
a prerequisite for the formation of the factor. It is also possible that these 
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two types of growth are indicative of an early autolysis, and that it is this 
latter process which liberates the active principle into the liquid substratum. 

No relationship exists between the areas exposed per unit volume and the 
effectiveness of the respective filtrates, even though the surface areas vary 
over a tenfold range. Since the work of others shows that the production 
of heteroauxin by Rhizopus suinus is dependent upon the surface area, and 
since this substance acts as an inhibitor to the test organism, it is plausible 
that the production of substance B is affected in like manner and that the 
constant effectiveness of the filtrates indicate rather the lack of change in 
the balance between stimulators and inhibitors. 

White light exerts little or no effect on substance B formation. The 
effects of monochromatic lights, on the other hand, were more marked. Yel- 
low light reduces greatly the effectiveness of the Rhizopus filtrate, while 
green and blue lights have the opposite effect. No tests were conducted to 
determine whether these effects were direct or indirect through the type of 
growth induced. 

A doubling of the size of the Rhizopus inoculum resulted in a significant 
inerease in the effectiveness of the ultimate filtrate. This effect is most 
probably due to a more rapid initial growth followed by early sporulation 
and subsequent autolysis. 

Changes in temperature have the most marked effect of any agent tried. 
The cardinal temperatures for the production of this factor are: minimal, 
near 18° C.; optimal, 31° C.; maximal, 35+° C. These effects are probably 
indirect through the type of growth or are the result of the effective balance 
of substance B and heteroauxin productions. 

One set of tests demonstrated that the production of substance B is 
directly related to the degree of aeration. 

One run tested the effect of filter paper on the growth factor accumu- 
lation. If tested by Colletotrichum circinans there was an acceleration in 
the production, while if tested by Aspergillus niger there was a slight 
decrease. Four possible explanations were given. 

The variations noted for replicas of Rhizopus control cultures are pos- 
sibly due to additive effects of very slight variations in size of the inoculum, 
degree of aeration (/.¢., tightness of wadding), the incident light, and the 
temperature. 


Sincere thanks and appreciation are extended to Dr. B. M. Duaaar, of 
the University of Wisconsin, under whom this work was conducted and the 
protocol of this paper prepared. 
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EFFECTS OF pH AND THE COMPONENTS OF BICARBONATE 
AND PHOSPHATE BUFFERED SOLUTIONS ON THE 
METABOLISM OF POTATO DISCS AND THEIR 
ABILITY TO ABSORB IONS' 


F. C. STEWARD AND C. PRESTON 


(WITH NINE FIGURES) 


Introduction 


This paper consists of two parts. The first concerns the effect of certain 
variables on the absorption of bromide by potato discs and experiments 
which were made by the senior author in the Division of Plant Nutrition, 
University of California, in 1933-1934. The second part describes the effect 
of similar treatments on the metabolism of potato dises and experiments 
carried out with the assistance of the junior author at Birkbeck College, 
London, in 1937-1938. Since the results of the later work are essential for 
a full interpretation of that which preceded it, the two investigations are 
described together. 

Investigation of the effects of external pH presents an obvious approach 
to the problem of salt accumulation. It is, therefore, an essential part of 
any survey of the variables which affect this important process (18, 19, 20). 
Despite the great emphasis which others have placed upon the role of pH 
in salt absorption, detailed discussion of the effect of this variable on bro- 
mide absorption by potato dises has been long postponed. For some pre- 
liminary observations see (18). This delay was due to the knowledge that 
until the effects of a wide range of variables—including the nature and con- 
centration of neutral salts—upon the behavior of cells had been investi- 
gated, phenomena due to hydrogen ion per se could not be segregated from 
those due to other variable components of the system used to control pH. 
Knowledge of the metabolic processes of potato tissue and the way these 
are affected by neutral salts (21, 22, 23) is now adequate to permit investi- 
gation of the problem. 

Of the buffer systems which can be used to regulate the pH of solutions 
in contact with plant cells, that which depends upon the proportion of bicar- 
bonate to free carbonic acid is of outstanding interest since its components 
are metabolic products of cells. This paper contains a survey of the effects 
of pH, carbon dioxide, and potassium carbonate concentration. Though 
somewhat incomplete, it enables us to visualize the trend of the effect of 
these variables upon absorption and metabolism of potato dises and prepares 





1 This paper is the fourth of a series of papers on the biochemistry of salt absorption 
by plants. The writers are indebted to Prof. D. R. HoAGLAND for proofreading this paper. 
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the way for the rather formidable task which a still more complete investi- 
gation entails. A similar survey made with phosphate—buffered solutions 
shows the extent to which the effects obtained in bicarbonate solutions are 
peculiar to a particular buffer system. 


Methods 


Potato dises were used under the standard conditions which have proved 
conducive to salt accumulation. Bromide was used as an indicator of anion 
absorption and was supplied as potassium bromide at the same equivalent 
concentration throughout a series of experiments. All known variables, 
other than salt concentration and pH, which affect salt absorption were 
standardized as follows: temperature 23° C., mean dise thickness, 0.75 mm., 
number of discs in two liters of solution which was stirred (100 r.p.m.) and 
aerated (total gas flow 15 liters per hour) to maintain equilibrium with the 
oxygen tension in the gas used. This facilitated comparisons between a 
series of experiments which, though not run concurrently, were carried out 
in rapid succession using tissue from the same uniform stock of tubers. A 
standard experimental time of 70 or 72 hours was used. 

The experiments were of two general kinds: experiments at constant salt 
(potassium bicarbonate or phosphate) concentration but embracing a range 
of pH values; and experiments at constant pH in which the total salt 
(potassium bicarbonate or phosphate) was the variable. At constant potas- 
sium bicarbonate concentration, the range of pH values was obtained by 
changing the partial pressure (composition by volume at constant pressure) 
of carbon dioxide in the gas stream which flowed through the culture vessels. 
For the comparable procedure in the phosphate series free acid (H,SO, or 
H,P0O,) was added to solutions of potassium phosphate (K,HPO,) as re- 
quired. To reveal the specific effects due to these buffer salts (potassium 
bicarbonate and phosphate) without confusion with those due to pH, the 
total salt concentration was varied at constant pH. To eliminate confusion 
between the effects due to the free acid or anion and those merely due to the 
cation (K), certain experiments were also carried out at constant potassium 
coneentration. In the latter case a low concentration of the experimental 
salt (potassium bicarbonate or phosphate) was raised to the desired potas- 
sium level by the addition of the required amount of a salt (potassium sul- 
phate) in which the anion has been shown (22) to be without conspicuous 
effects on the metabolism of potato dises. 

The required partial pressure of carbon dioxide was obtained by com- 
bining streams of oxygen and carbon dioxide at known rates of flow. Oxy- 
gen was used in order that even the richest mixture (26.6 per cent. CO,) 


did not contain an oxygen pressure so low that behavior of the tissue would 
be limited thereby. Manifolds were connected to a high pressure source of 
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oxygen which delivered the total flow required at a constant rate which was 
regulated by a reducing valve. A similar device was also used for carbon 
dioxide. For each gas mixture, the flow of oxygen and carbon dioxide, 
drawn off at convenient points on the manifolds, was regulated by separate 
needle valves which were adjusted in-accordance with the readings of a 
calibrated flow meter (15) through which the mixture passed. Thorough 
mixing oceurred in the large pressure stabilizers which were described with 
the original apparatus (15). The final adjustment of the needle valves was 
so made that the gas mixture passing through a wash bottle which contained 
the required bicarbonate concentration, gave the requisite pH as seen by 
the indicator which was added for the purpose. The final record of the pH 
of the salt solutions actually in contact with the tissue was made by a glass 
electrode, but the indicator in the wash bottle gave warning if the mixing 
apparatus was not working faithfully. In this way the reaction of solu- 
tions was kept within narrow limits throughout the period of experiments. 
The volume percentage of carbon dioxide in the gas mixture used was 
recorded by gas analysis in a modified type of HEMPEL’s apparatus. 


Results 


THE EFFECT OF PH, POTASSIUM BICARBONATE, AND DISSOLVED CARBON 
DIOXIDE ON BROMIDE ABSORPTION 


The combined results of three experiments are assembled in table I. 
The choice of the concurrent treatments was determined partly by conveni- 
ence in operation and partly by considerations which need not coneern us 
here; it is the impression which the combined results convey of the effect of 
pH, added bicarbonate, and carbon dioxide on the accumulation of bromide 
which is of interest. 

At constant bromide concentration, in the absence of added bicarbonate 
and in solutions in equilibrium with a gas free of carbon dioxide, the bro- 
mide uptake was not significantly affected by the extreme range of total 
potassium concentration which these experiments incurred. This factor 
can thus be ignored. It is very clear, however, that the components of the 
system which did affect bromide absorption profoundly were the concentra- 
tion of hydrogen ions, bicarbonate, and carbon dioxide. It remains to be 
seen which of these is the most important. 

At any given pH (pH 7.23 and 6.8) the effect of a simultaneous increase 
of bicarbonate and dissolved carbon dioxide is to greatly reduce the bromide 
absorbed ; so much so, in fact, that by such increases alone the accumulation 


of this ion was almost entirely suppressed even though all other variables 
were favorable. Ignoring for the moment the differences in pH (7.2 and 
6.8) at which two different experiments were conducted, it can be shown 
that over the range of added bicarbonate concentrations (0.0 to 0.020 equiv. 
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per liter) the relationship between bromide absorbed by the dises and either 
the external potassium bicarbonate concentration (fig. 1) or the volume per- 
centage of carbon dioxide in the gas phase, is smooth. At pH 7.2 and 6.8 
the curves are almost coincident and are linear over much of the range of 
bicarbonate (0.0 to 0.010 equiv. per liter) or carbon dioxide concentrations 
(0 to 8.0 per cent. by vol.) although they do deviate at higher bicarbonate 
concentrations from the straight line as they tend to approach somewhat 
asymptotically the bromide concentration of the external solution. It is, 
therefore, clear that some component of the system which is increased pro- 
portionally to the added bicarbonate or the dissolved carbon dioxide de- 
presses the bromide uptake. To fully map out the depressant effect of bicar- 
bonate and dissolved carbon dioxide at each pH value would be a consider- 
able task. It suffices for present purposes, however, to identify by a straight 
line the slope of the curve which expresses this relationship and, extra- 
polating this to zero bromide concentration, slight error will be encountered 
only at the highest concentrations of bicarbonate. 

In the absence of added bicarbonate, increased pressure of carbon dioxide 
in the gas phase caused lower pH in the solution ; when it became more acid 
than pH 6.9, the bromide absorption was decreased—especially so below a 
eritical value of approximately pH 6.0—when the decrease was rapid (fig. 
1). As shown by paired cultures which received the same gas mixture, the 


EFFECT OF PH, KHCO, & CO, ON BROMIDE ABSORPTION FeoOm 0-001 Equiv KBr BY PoTaTo Oiscs ar 23°C 
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Fig. 1. 





dissolved carbon dioxide, free to exert its unbuffered effect on pH, depressed 
bromide absorption much less than did the combined effect of dissolved 


carbon dioxide and added bicarbonate at more alkaline reactions. To ap- 


preciate the full range of effects of bromide absorption (70 hr. at 23° C. 
from 0.001 equivalents KBr per liter), the effect of pH and, at each pH, of 
increased bicarbonate and carbon dioxide concentration must be visualized. 
This can be done if three co-ordinates (bromide concentration in sap after 
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70 hr., pH of external solution, bicarbonate concentration in the solution or 
percentage by volume of carbon dioxide in the gas) are plotted simultane- 
ously (fig. 2). This method of presentation will be used throughout, as it 
permits the effects of several variables to be visualized simultaneously. 


FFECT OF KH & bH ON ACCUMULATION OF BRomipe By PoTATO 
Discs FROM A SOLUTION 0-00! EQvivs. PER LITRE DURING 7OHOURS AT 23°C. 
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To specify completely the relationships of bromide uptake to pH in 
bicarbonate buffered solutions the surface of a solid model is required. By 
making the fullest use of the data available, it is possible to visualize the 
kind of surface which expresses these relationships. The solid model may be 
constructed in two different ways and each serves a useful purpose. 

THE EFFECT OF PH AND ADDED KHCO, ON BROMIDE UPTAKE.—In the sim- 
plest procedure, the two variables plotted are those which were set at arbi- 
trary values in the actual experiments; namely, pH, and the concentration 
of potassium bicarbonate added to the solution. The third is the concen- 
tration of bromide observed in the sap after a 70-hour treatment. One sur- 
face of such a model (fig. 3) can be specified at once from the data at zero 
concentration of added potassium bicarbonate. At each pH, a section 
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through the model parallel to the bicarbonate concentration axis is bounded 
by the line, assumed for this purpose straight, which records the rate of 
decrease of bromide uptake with increased bicarbonate and carbon dioxide 
concentration. <A sufficient number of these lines enable the surface of the 
complete model to be visualized. 


EFFect OF CO,KHCO;% PH ON ACCUMULATION OF BROMIDE BY 
Potato Discs From A SOLUTION 0:00! Equivs PER LITRE DURING 
ZoHours aT 23°C. 
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Fic. 3. 


Figure 3 shows that, in the absence of added bicarbonate there is a con- 
siderable range (pH 8.0 to 6.0) in which pH and dissolved carbon dioxide 
concentration have but little effect on bromide absorption. 


That a hundred- 
fold range of hydrogen ion concentration is without conspicuous effect on 
bromide uptake is in agreement with other results (6, 18, p. 1012) which 
show that salt absorption may be less dependent upon pH than upon other 
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variables. At reactions more acid than pH 6.0, bromide absorption was 
reduced and its decline with acidity implies that at about pH 3.5 bromide 
absorption should vanish (fig. 3). At increased bicarbonate concentration 
(0.001 equiv. per liter) bromide uptake was decreased at all reactions (table 
I; figs. 2, 3) and from the graph (fig. 2) it is clear that bromide uptake 
should vanish at a much less acid reaction (pH 4.5) in presence of 0.001 
equivalents of bicarbonate. 

Having fixed the reactions (pH 3.5 and 4.5) at which bromide uptake 
vanishes at zero concentration of bicarbonate and at 0.001 equivalents per 
liter, it can be estimated with sufficient accuracy for the intermediate con- 
centrations. The bromide concentration attained in the sap from solutions 
at pH 5.3 and two different bicarbonate concentrations can be found, and 
these values fix the steep slope of the bromide uptake-bicarbonate concen- 
tration curve which intercepts the plane of zero bromide uptake (fig. 2) at a 
bicarbonate concentration of 0.002 equivalents per liter. At pH 6.8 and 7.2 
the data available fix the slope of the curve which represents the effect of 
bicarbonate and carbon dioxide on bromide uptake (fig. 2) with some cer- 
tainty; and by joining points at which bromide absorption vanishes, the 
probable boundary of the model is thus ascertained. At each of the two 
reactions (pH 7.7 and 8.3) data on bromide uptake are available for one 
bicarbonate concentration only. It can be obtained, however, at the other 
by reference to the well defined curves of figure 2. Although these two 
points represent the minimum to establish the slope of the line passing 
through them, these lines have been prolonged in figure 3 to the plane of 
zero bromide uptake. It will be shown later that the resultant figure and 
the curve in which it cuts the plane at zero uptake—a curve which specifies 
the conditions of pH and bicarbonate concentration which suppress bromide 
absorption—can be correlated with the metabolism of potato dises under a 
similar set of conditions. 

The characteristics of this model which are of interest are as follows: 
At constant pH the depression in the bromide absorption which is due to an 
increase in potassium bicarbonate concentration is a minimum at a pH of 
6.8; 7.e., uptake is at a maximum. This reaction is near to strict neutrality 
and also to the pK value of carbonic acid as a monobasic acid. At pH = pK, 
(pH =6.4) the ratio a =1. At reactions more acid than this the 

free acid 
amount of free acid becomes rapidly much greater than the salt added; at 
reactions more alkaline than pH = 6.4 the free acid decreases until at pH 
8.3 it is virtually zero. Since there is a greater effect of added bicarbonate 
at constant pH at both more acid and more alkaline reactions than pH = 6.4, 
the effective component of the system cannot be immediately selected from 
all those which are affected by increased bicarbonate concentration. It is 
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suggestive that at acid reactions where the unneutralized carbonic acid ex- 
ceeds the salt present, the effect of increased bicarbonate concentration at 
constant pH is particularly great. 

THE EFFECT OF PH AND TOTAL CARBONIC ACID ON BROMIDE ABSORPTION.— 
In figure 4, the variables plotted are bromide concentration in the sap (mg. 
equiv. per liter), pH of the external solution, and total carbonic acid in the 
solution ; 7.e., that which is present as salt (KHCO,) plus the uncombined 
acid. For the bicarbonate solutions the free acid can be calculated from 

[ salt | 
{free acid] 
of potassium bicarbonate the total dissolved carbonic acid is given by the 
relationship: mols HCO, per liter = 3.645 x 10° x P, where P = partial pres- 
sure in atmospheres (volume percentage of CO, x total barometric pressure 
in atmospheres) of carbon dioxide in the gas phase. The data are given in 
table IT. 

In figure 4, data from experiments at the same concentration of added 


the relation pH = pK, + log where pK, = 6.4 and in the absence 
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potassium bicarbonate all lie in a curved surface which cuts the basal plane 
of the model in a curve. This curve which traces out the increase in the 
total carbonic acid as a given concentration of bicarbonate (initially at pH 
8.3), is brought to more acid reactions by dissolved carbon dioxide. Such a 
curve, at zero added potassium bicarbonate, defines one boundary of the 
model; another, at 0.001 equivalents of added KHCO, per liter, has been 
drawn. At points on these curves, indicated by the thin construction lines, 
ordinates have been erected which correspond with the experimentally ob- 
served bromide concentration in the sap. The several data at pH 7.2 and 
6.8, respectively, define two vertical sections cut through the model at these 
pH values? and the edge of the section thus exposed (which can be treated 
as linear) represents the depressing effect at constant pH of total dissolved 
carbonic acid on bromide uptake. In this way two curves and two straight 
lines, which lie in the surface of the model, can be defined. At any given 
total carbonic acid concentration vertical sections® can be cut through the 
model (at right angles to the sections at constant pH) and ordinates erected 
to intercept the curves which lie in the surface and have been defined above. 
Observed data at pH 7.5 and 8.3 were insufficient to establish the section 
along these planes of constant pH value but, by prolonging to pH 7.5 and 
8.3 the slope of the lines which connect points in the surface of the model at 
the same total acid concentration, the experimental data can be supple- 
mented ; thus sections through the model at these pH values may be estab- 
lished with sufficient accuracy for present purposes. 

This second model now corrects a possible misconception gained from the 
first. Both models show that at pH 8.3 (where free carbonic acid can be 
neglected) the depressing effect of added bicarbonate (total carbonic acid 
present in the system) on bromide uptake is great. This effect must be due 
either to [HCO, | or to this supplemented by [OH~| since the only free 
undissociated acid is that which arises from hydrolysis. The effect of in- 
creased concentration upon bromide absorption, per unit of total carbonic 
acid present, at constant pH, is a maximum at pH 8.3. It decreases pro- 
gressively at more acid reactions at which relatively more of the acid present 
is in the unecombined and undissociated form. This must mean that, as 
between bicarbonate ion and undissociated free acid, the most effective 
component of the bicarbonate buffer system which suppresses the uptake of 
bromide is the bicarbonate ion itself. It is equally clear, however, that other 
factors are involved. Were it not so, all of the data could be fitted to a 
smooth curve of bromide uptake plotted against bicarbonate ion concen- 
tration and this is not possible. Solutions which are acid due to carbon 

2 Where such sections cut the surface of the model is shown by a chain-dotted line in 
the figure (.—.-—.-). 


Where such sections cut the surface of the model is shown by a broken line in the 


figure (-------- ). 
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dioxide, unbuffered by potassium bicarbonate, exert on bromide uptake a 
retarding effect which is out of all proportion to the bicarbonate ion which 
they contain; this suggests that the free carbonic acid also has its specific 
effects on the bromide absorbed—either due to the undissociated free acid 
or the H+ per se. 

In the absence of added bicarbonate the bromide uptake is but little 
affected by increased concentration of dissolved carbon dioxide between pH 
7.7 and 5.9; but at more acid reactions it is depressed and, in the pH range 
7.7 to 4.7, the data fall on a straight line, the empirical equation of which is 

17.3 
[Br] = 17.3-T75 
the sap and carbon dioxide in the solution are expressed in milligram equiva- 
lents and millimols per liter, respectively. 

In the presence of added bicarbonate the effect of increased carbon 
dioxide on bromide accumulation is due to the combined action of the bicar- 
bonate and the free acid. Although the concentration of salt and free acid 
is either known or can be calculated at the given pH values, the data are 
hardly adequate to derive a satisfactory empirical relationship between 
dissolved carbon dioxide, bicarbonate, pH or |H*+|, and bromide absorption 
which covers the full range of conditions. Such a relationship could not do 
more than describe concisely the models shown—it would not alone explain 


x [dissolved CO,| where the concentrations of bromide in 


the effects of bicarbonate and carbon dioxide on bromide uptake, since these 
factors clearly operate through the metabolic processes which are involved 
in absorption and which have yet to be described. 

It happens that all of the data in tables I and II lie on a smooth curve 
of bromide uptake plotted against total carbonic acid in the external solu- 
tion. This relation is not general, however, and would probably not hold 
at high concentrations of total carbonic acid and reactions more alkaline 
than pH 7.7. 

At any given pH value, a simultaneous increase of potassium bicarbonate 
and dissolved carbon dioxide retarded, and eventually suppressed, bromide 
uptake. Both salt (bicarbonate ion) and free undissociated acid (HCO) 
contributed to this effect which was clearly not due to the H and OH ions. 
If the effect of bicarbonate is additive to that of carbonic acid, then simple 
calculations show that at constant pH, near neutrality, the drop in bromide 
concentration in the sap due to the external bicarbonate was 1.1 milligram 
equivalents per liter of sap per milligram equivalent of bicarbonate in 1 
liter of external solution. 

The retardation of bromide uptake which was due to increase of potas- 
sium bicarbonate concentration at constant pH is the more interesting 
because increased concentrations of other potassium salts (with anions Cl, 


Br, NO;) stimulate all those processes which are concerned in salt aeeumu- 
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lation (22). Therefore, the processes which are deemed essential to salt 
uptake should be suppressed by increased concentrations of total carbonic 
acid at constant pH and evidence to be described shows that this is, in fact, 
the case. 

SPECIFIC EFFECTS OF PH ON BROMIDE UPTAKE.—<An obvious difficulty is to 
ascertain from the evidence whether H+ and OH~ have any direct effect 
upon bromide uptake. In solutions enriched with bicarbonate, the bromide 
uptake falls off more at alkaline reactions than near neutrality and this 
result is evident from the models (figs. 3 and 4) whether one compares cul- 
tures of constant potassium bicarbonate concentration or of the same total 
carbonic acid concentration. If the bromide uptake was influenced only by 
the bicarbonate ion and the free acid then, since their relative effects are 
almost equal at pH 7.0, the effect of increased carbonic acid in the system 
should be independent of pH provided the total (bicarbonate and dissolved 
earbon dioxide) remained constant. Figure 4 shows that such is not the 
ease. At reactions more acid than pH 5.9 and more alkaline than 7.2, bro- 
mide uptake is less than at the intermediate reactions; this effect becomes 
the more conspicuous as the total capacity of the tissue to absorb is retarded 
by carbon dioxide and bicarbonate (see vertical section through model of 
figure 4 along 0.014 x 10° mols total CO, per liter). Such effects obtained 
in the more acid and more alkaline reactions are attributable only to acidity 
and alkalinity per se and, therefore, to specific effects of H* and OH-. This 
statement is made only after a full attempt to account for the effects ob- 
served solely on the basis of the caleulated concentrations of bicarbonate 
ion and undissociated carbonic acid without reference to H* and OH. 

There is thus a range, relatively broad in the absence of bicarbonate, 
within which bromide uptake is not much affected by hydrogen ion concen- 
tration and its attendant variables. Reactions near to neutrality, however, 
are at any given total concentration of added carbonic acid, more favorabl 
to bromide uptake than either more acid or more alkaline solutions. The 
investigation of the effects of carbonic acid and bicarbonates on metabolism 
shows that metabolic processes now known to be closely associated with bro- 
mide uptake are similarly affected and show optima near pH 7.0. The view 
that these are, in fact, effects due to H and OH ions is strengthened because 
similar results have been obtained in solutions of other buffer salts; e¢.g., 
phosphates. 

These data predict the acid reactions at which bromide uptake should 
vanish. In solutions unbuffered by bicarbonate there are no data above pH 
8.3. The form of the models suggests that at still more alkaline reactions 
bromide uptake might also decline and eventually vanish. This problem, 
upon which it is interesting to speculate, can be solved only if experiments 
are carried out with other buffer systems, or in a range of pH where the 


second dissociation of carbonic acid operates. 
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SUMMARY OF THE EFFECTS OF THE COMPONENTS OF THE HCO,-/H.CO, 
BUFFER SYSTEM ON BROMIDE UPTAKE.—The effect of bicarbonate and dis- 
solved carbon dioxide on bromide uptake is complex. The components of 
the carbon dioxide buffer system depress absorption. Combined and free 
carbonic acid both depress bromide uptake and at pH 7.0 their relative 
effects are approximately equal. The indications are that the undissociated 
free acid in the system is less effective than the bicarbonate ion in retarding 
bromide uptake. A full interpretation of all the facts cannot evade effects 
which must be ascribed specifically to H and OH ions—effects which operate 
in such a fashion that reactions near neutrality become especially conducive 
to bromide uptake. This is particularly true when the total absorption is 
already reduced by the effects of added carbonic acid. 


THE EFFECTS OF PH, DISSOLVED CARBON DIOXIDE, AND POTASSIUM BICARBONATE 
ON THE METABOLISM OF POTATO DISCS 


THE EFFECT OF INCREASED KHCO, anp CO, CONCENTRATION aT PH 6.5.— 
The most striking feature of the effect of the components of the CO,/HCO,- 
buffer system upon bromide uptake is that at a constant pH, bromide accu- 
mulation is progressively decreased, and eventually suppressed, by the 
simultaneous increase of potassium bicarbonate and dissolved carbon di- 
oxide. This is true even though all other variables remain at values con- 
ducive to a high degree of salt accumulation. If bromide absorption is to 
be correlated with a particular aspect of metabolism, then this should be a 
process which is retarded by these treatments. Therefore, investigation of 
the metabolic processes so affected will go far to identify those which are 
essentially concerned in bromide absorption. 

Dises exposed to aerated solutions of potassium bicarbonate at constant 
pH do not brown as much in the strong as they do in the dilute solutions or 
in distilled water. Usually (21, 22) increased concentrations of potassium 
salts tend to aecentuate the surface browning reaction. Sinee bicarbonates 
are unusual in this respect, it is to be expected that the specifie effects of 
the bicarbonate and dissolved carbon dioxide on metabolism would operate 
through processes which are linked with the activity of the oxidase (phe- 
nolase) system of the potato tuber. Experiments which were carried out at 
pH 6.5, show that this is the case ; this is the pH at which the buffer effect is 
at its maximum. 

From table III and figure 5, it is apparent that the protein synthesis 
which normally occurs in potato dises in distilled water or in dilute potas- 
sium bicarbonate solution is almost completely suppressed by an external 
concentration of 0.02 mols per liter and its attendant carbon dioxide con- 
centration. This result, as well as much other evidence not given here (21, 
22, 23) suggests that protein synthesis plays an indispensable part in the 
accumulation of bromide by potato dises. 
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Further analysis of the soluble nitrogen fractions shows that, as pre- 
viously recorded (21, 22), the nitrogen used in synthesis is mainly amino-N.* 
The treatments which in the experiment of table III depressed synthesis 
(compare cultures at 0.005 and 0.020 equiv. KHCO,) also retarded the utili- 
zation of amino-acid but not to the same degree. When there was little gain 
of protein in the tissue (cultures at 0.020 and 0.040 equiv. KHCO,;) more 
amino acid disappeared than reappeared as protein and the excess was ac- 
counted for by an increase in the unstable amide-like compound which has 
previously been noted (21) and which was then regarded as a possible reac- 
tive intermediary between amino-acid and protein. It thus appears that 
the combined effect of bicarbonate and carbon dioxide is not exerted exclu- 
sively upon the deamination of the amino-acids, but even more upon the 
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later stages of protein synthesis in which the reactive intermediaries are 
converted to protein. As the intermediates accumulate in bicarbonate cul- 
tures which depress synthesis they, in turn, tend to depress the deamina- 


tion of the amino-acids. It will be recalled that when potassium salts stimu- 


late synthesis they do so by affecting both the deamination of amino acid 
and the use of the reactive amides which are supposed to be intermediates in 
synthesis. When calcium salts depress synthesis, however, the unstable 
amides do not accumulate. 


THE EFFECT OF PH AT CONSTANT BICARBONATE CONCENTRATION. 





Super- 


imposed upon the effect of bicarbonate and dissolved carbon dioxide, which 
at constant pH does not concern the H and OH ions, there is at any given 


4Amino-N free from confusion with heat unstable amides which react both in the 
amide and the VAN SLYKE determination. 
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concentration of KHCO,, an effect on protein synthesis which must be due 
primarily to these ions. This is shown by the data of table IV which are 


TABLE IV 


EFFECT OF PH IN KHCO, BUFFERED SOLUTIONS (0.003 EQUIV. PER LITER) ON THE NITROGEN 


FRACTIONS OF POTATO DISCS AT 23° C. AND 72 HOURS* 


PROTEIN | SOLUBLE AMIDE N 




















N PER N PER Be ‘ Am- 
SamPLe | PH GM. GM. Bact sg A = Ux. | Monzat 
FRESH FRESH Te 7 by bs STABLE ar pan N 
wT. wT. 5 ti , 
mg. mg. % % >» | & % 
Initial | .... | 0.62 1.46 29.8 70.2 55.0 | 8.6 6.2 
Final 5.32 0.63 1.42 30.7 69.3 51.7 11.2 6.3 
- 6.12 0.82 1.25 39.6 60.4 46.3 9.2 4.9 
= 7.00 0.95 1.09 46.6 53.4 43.6 8.4 6.4 
= 8.74 | 0.59 1.39 29.8 70.2 54.0 9.0 6.5 





* Absolute units, milligrams nitrogen per gram initial fresh weight. Results expressed 
on a percentage basis are relative to total nitrogen. 

+t Negligible—0.001 mg. per gm. fresh weight. 
illustrated in figure 6. It is clear that protein synthesis is at a maximum at 
pH 7.0 and that it declines both in more acid and more alkaline solutions. 
It will appear later that similar results are obtained in phosphate buffered 
solutions although specific effects of phosphate and bicarbonate on protein 
synthesis are quite different. This effect of pH must, therefore, be due to 
H and OH ions specifically. 

The detailed analyses of the soluble nitrogen fractions simply show that 
the effects of pH are exerted mainly upon the utilization of the amino-acid 
fraction. The changes in total soluble nitrogen and amino nitrogen run 
parallel throughout and they are complementary to the observed change in 
protein nitrogen (table V). 

Combining now the results at constant pH and at constant bicarbonate 
concentration in figure 6, it is impossible to ignore the similarity between 
the effects of these treatments on protein synthesis and on bromide acecumu- 
lation. In both cases the process in question is retarded and eventually 
suppressed by increased concentrations of bicarbonate and dissolved carbon 
dioxide ; at a given salt concentration, it exhibits an optimum at a pH value 
of 7.0. It is to be concluded, therefore, that the specifie effects of the com- 
ponents of the H,CO,/HCO,- buffer system and of pH on bromide absorp- 
tion are linked with their effect on protein synthesis—a process with which 
bromide uptake in potato dises is closely associated. 


EFFECT OF PH, BICARBONATE, AND DISSOLVED CARBON DIOXIDE ON THE RELATIVE 
ABSORPTION OF ANION AND CATION 


The absorption of potassium in the experiments of table I presented a 
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more difficult problem than that of bromide. It is complicated by the effect 
of the treatment on the high concentration of potassium which existed in 
the initial tissue (76 mg. equiv. per liter of sap) and which, under condi- 
tions unfavorable for absorption, may leave the cells. It is necessary to 
examine the results obtained to see whether these variables affect potassium 
and bromide absorption in a similar fashion and to ascertain whether the 
evident connection between protein synthesis and bromide uptake applies 
equally to potassium absorption. 

The effect of pH on the absorption of potassium and on the potassium 
content of the initial tissue can be seen in the first part of table V.° The 
different experiments were conducted at various total potassium concen- 
trations which are shown, though they were all at constant bromide concen- 
tration and in the absence of bicarbonate. It is clear that the concentration 
of the only mobile anion (Br), which was constant, had a greater control 
over the uptake of cations than the varying concentration of potassium sul- 
phate in the range shown. If potassium sulphate concentration had any 
tendency to increase potassium absorption, allowance for this would merely 
accentuate the effect of pH to which reference will now be made. 

At neutrality (strictly pH =6.9) absorption of potassium and bromide 
was in equivalent amounts—a fact which has often been observed for potato 
dises in potassium bromide solutions. At more acid reactions, due to In- 
creased concentrations of carbon dioxide, there was an apparent decrease in 
the potassium absorbed. This was due to the effect on the absorption of 
potassium bromide but also to the effect of carbon dioxide on the loss of 
potassium which was present initially in the tissue. This loss was so great 
at acid reactions (pH < 6.0) that it entirely masked the potassium absorbed 
along with bromide. Although the data are limited at reactions more alka- 
line than pH 7.0, there is a strong suggestion that these also caused loss of 
the potassium previously stored in the cells. The obvious conclusion is that 
the tissue retains its stored potassium best under those conditions most 
suitable for protein synthesis. 

Reference may be made here to a similar, though even more striking, 
case to which a similar conclusion applies. After prolonged storage of 
tubers at low temperatures, potato discs no longer retain their salts against 
aerated distilled water (17, p. 536) ; they lose the capacity to grow as shown 
by meristem formation in moist air, and if is now known that they also lose 
their ability to synthesize protein.” Though as vet unpublished, these re- 
sults strengthen the conviction that the observed effect of pH and carbon 
dioxide concentration on the loss of potassium from the cells is causally 
connected with their effect on protein synthesis (fig. 6). This suggests that, 

5 For these potassium analyses we have to thank members of the laboratory of Plant 
Nutrition, University of California, Berkeley, California. 


6 Data in thesis of T. K. RAMAMURTI, University of London. 











STEWARD AND PRESTON : METABOLISM OF POTATO DISCS 499 


in order to retain their solutes against distilled water, the cells cannot 
merely remain static; they must also be capable of synthesizing protein. 
The evident connection between protein synthesis and the ability of cells to 
retain potassium in their sap, recalls previous observations that the dises 
must maintain an unexpectedly high rate of respiration in order to retain 
EFFect OF Coz, HCO, & pH ON PRoTEIN & SOLUBLE N. oF 
Potato Oiscs at 23°C Durinie 72 Hours. 
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Fig, 6. 


their salts (16, pp. 215-234). These results stand in contrast to the long- 
cherished conception of a passive ‘‘semi-permeable’’ structure by which cells 
retain the solutes contained in their vacuoles. It must be recognized that 
the metabolic processes of respiration and protein synthesis are equally 
necessary to retain salts after they are accumulated as they are to produce 
the high internal salt concentration de novo. 
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The effect of bicarbonate and dissolved carbon dioxide concentration at 
constant pH is revealed by two series of data from experiments at different 
total potassium concentrations. In the presence of added bicarbonate, the 
absorption of potassium always greatly exceeded the absorption of bromide, 
even at reactions close to neutrality (pH 7.23 and 6.8). At contant pH, the 
potassium absorbed in excess of bromide increased with bicarbonate con- 
centration up to an optimum concentration above which, presumably owing 
to the effects of dissolved carbon dioxide, further increase reduced the total 
absorption of potassium as well as its excess over the bromide absorbed. 
There can be little doubt that the potassium absorbed which was unaccom- 
panied by bromide was absorbed along with bicarbonate ion and that this 
process occurred under conditions such that protein synthesis and bromide 
uptake were reduced almost to zero (culture at 0.020 mol. KHCO, and pH 
6.8, table V). The absorbed bicarbonate, however, did not remain as such 
in the sap; when this was acidified, it yielded little more carbon dioxide 
than did the normal sap. The presumption is that potassium bicarbonate 
was absorbed as such and reacted with the organic acids of the sap. This 
process represents at least a transitory means by which the cells accumulate 
potassium independently of protein synthesis and of growth although it 
can persist only so long as the stored reserves of organic acids remain or are 
replenished. The final result would be the same if potassium exchanged for 
hydrogen ion supplied by the organic acid. Some may prefer this interpre- 
tation but it leaves the réle of bicarbonate in the solution without explana- 
tion. 

Further work on this point is necessary but there seem to be grounds for 
homologizing this uptake of potassium by potato dises with the brief but 
rapid uptake of potassium by ‘‘low salt’’ barley roots during which, if it 
occurs from potassium bicarbonate, organic acids increase in the cell sap. 
Potassium may be absorbed, therefore, by distinct mechanisms which bear 
different relationships to metabolism. The absorption of potassium from 
bicarbonate solutions presents a very special case—it is clearly less depen- 
dent upon certain aspects of metabolism (protein synthesis and processes 
linked with it) than the absorption of potassium bromide. The extent to 
which it is conditioned by oxygen in the external solution remains an inter- 
esting problem for the future.’ 

The unequal absorption of anion and cation may be a contributory cause 
of the metabolic effects which obtain in bicarbonate solutions. HoaGLANpb’s 
observation that barley roots respond to bicarbonate absorption by actual 
increase in their organic acid content has been noted. Indications that the 
centers of protein synthesis in potato dises respond to unequal absorption 


7 In barley root experiments, HOAGLAND and BROYER have shown that the absorption 


of potassium from bicarbonate solutions does not occur at very low oxygen concentrations 


(private communication to the authors). 
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of cation and anion as though they operate best under conditions of strict 
neutrality, have been noted elsewhere (21). Equal uptake of both ions 
from some potassium salts (KBr) with its concomitant synthesis and the 
fact that both synthesis and uptake are increased by greater concentrations, 
contrast with the unequal uptake of calcium salts (accentuated perhaps by 
the possible fixation of the cation as insoluble compounds) and the depres- 
sion of synthesis which greater concentrations cause. In potassium bicar- 
bonate solutions the final effect is as if the cation were absorbed unaccom- 
panied by anion (or exchanged for hydrion) and this condition of ionie un- 
balance is associated with a markedly depressed protein synthesis. More- 
over, both in phosphate and bicarbonate buffers at constant total acid the 
synthesis is a maximum at a neutral external reaction of 7.0. Hence the 
relation between protein synthesis and salt uptake is not merely that syn- 
thesis is a vital property of growing cells which makes uptake possible. It 
is that continued absorption, like synthesis, does not tolerate the conse- 
quences of ionic unbalance due to unequal intake of anions and cations by 
the cells and it is favored by external solutions with reactions close to strict 
neutrality. If disturbance in the metabolic machinery is the consequence 
of such ionie inequality, one may well look for its explanation in the be- 
havior of the organic and amino acids. The whole tendency is to conserve 
the latter in the presence of bicarbonate and avert their conversion to 
protein. 


THE EFFECT OF PH, POTASSIUM BICARBONATE, AND CARBON DIOXIDE CONCEN- 
TRATION ON THE RESPIRATION AND METABOLISM OF 
CARBOHYDRATE OF POTATO DISCS 


The direct determination, by carbon dioxide evolved, of the respiration © 
of potato dises in solutions rich in bicarbonate and dissolved carbon dioxide 
presented too great technical difficulties to be profitable. Indirect deter- 
minations by the change in total carbon in the tissue due to respiration was 
complicated by the loss of carbon which the tissue sustains when it is blotted 
dry with paper (23) and by the absorption of bicarbonate from the external 
solution. Consequently, the effect of the treatments already described on 
respiration cannot be stated very precisely. It is clear, however, that respi- 
ration, like the phenolase activity and protein synthesis, was retarded at 
pH 7.0 in the presence of bicarbonate (0.020 N) and dissolved carbon dioxide 
(solution in equilibrium with 20 per cent. CO, by volume). This was dem- 
onstrated by using tissue of a variety different from that used in experi- 
ments 1, 2, and 3, and by comparing the total heat content (bomb calorimeter 
determination), starch and sugar content of initial washed dises, and com- 
parable samples after 70 hours of contact with either bicarbonate solution 
at pH 6.5 or the equivalent strength of potassium sulphate. 
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In the tissue in the bicarbonate solution the hydrolysis of starch to sugar 
(final sugar, 0.24 gm.; final starch, 3.10 gm. per 40 gm. initial fresh weight) 
was retarded in comparison with that which received the sulphate treatment 
(final sugar, 0.34 gm. ; final starch, 2.75 gm. per 40 gm. initial fresh weight). 
The total carbohydrate recovered (starch + starch equivalent of final sugar) 
was greater in the bicarbonate culture than in the sulphate. The still out- 
standing loss of carbohydrate (initial tissue contained 4.16 gm. and the 
bicarbonate treated 3.32 gm. total starch per 40 gm. fresh wt.) in the tissue 
treated with bicarbonate solution at pH 6.5 was due partly to carbon losses 
incurred in blotting the dises (23), and partly to respiration or other meta- 
bolic processes which were not separately measured. One must make the 
same allowance (estimated at 0.42 gm. per 40 gm. initial tissue) for loss of 
carbohydrate owing to the formation of the surface film of mucilage in the 
bicarbonate series, as that which is necessary to ‘‘balance’’ the carbohydrate 
balance sheet of the potassium sulphate series. It then appears that at pH 
7.0 in contact with 0.020 N potassium bicarbonate and the appropriate carbon 
dioxide concentration, 40 gm. of this tissue (in which protein synthesis was 
depressed but not completely eliminated) respired 0.42 gm. of starch in 70 
hours as against 0.64 gm. in bicarbonate and carbon dioxide-free solutions. 
The total heat change in the dises also indicated that respiration was de- 
pressed in presence of bicarbonate and dissolved carbon dioxide but the 
precise effect must be determined by other methods. Knowing the general 
parallelism between the effects of other salts on respiration and protein syn- 
thesis (23) and also the phosphate experiments in this paper, the trend of 
the effect of the bicarbonate and carbon dioxide treatments on respiration 
may be inferred from their effects on protein synthesis which are here re- 
corded. Adopting this standpoint, the now oft-repeated parallelism be- 
tween bromide absorption and respiration of potato dises would again 
emerge—a treatment ( increased bicarbonate concentration) which depresses 
bromide uptake has a similar effect on respiration.* 

Carbon dioxide has somewhat unexpected results on living cells. The 
observations of THorNTON (25) and Fire and FRAmpToN (3) have given 
prominence to an effect of carbon dioxide on the pH of the cell and show 
that this is not always predictable on a priori grounds. Fire and FRAMPTON 
showed that the explanation of the unexpected shift toward alkalinity in 
the sap of carbon dioxide-treated cells lies in its effect on systems in the cells 
which catalyze the hydrolysis and re-synthesis of amides—reactions which 
occur only in the living tissue in the presence of oxygen (3, 25). Actual 
tests showed that this effect did not enter appreciably into the behavior of 


8 Evidence from the researches of A. ULRICH on barley roots (in course of publica 
tion) suggest that the respiratory quotient may be altered when accumulation of K 
occurs from a solution of KHCO,. Further investigation of this possibility with refer- 
ence to potato tissue would be of interest. 
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immersed potato dises at pH 7.0. Firs, at the author’s request, made tests in 
1934 which showed that the shift in pH toward alkalinity in the sap ex- 
pressed from potato discs which have been exposed to high concentrations of 
dissolved carbon dioxide (equilibrium with 2 atmospheres pressure CO,) 
was only slight (pH 0.26). At the same time, the detailed analysis in tables 
III and IV did not show the free ammonia to be expected if amide hydroly- 
sis had occurred extensively. It will be recalled, however, that the tissue 
at pH 7.0 in solutions rich in bicarbonate and dissolved carbon dioxide did 
not show the usual symptoms of oxidase activity and it is here, through some 
esential property of the living protoplast, that the mechanism must be sought. 
From the evidence presented it is clear that the effect of bicarbonate and 
dissolved carbon dioxide on metabolism embraces the nitrogen compounds 
although mainly in a way other than that which Fire and Frampton (3) 
described for the beet plant exposed to carbon dioxide gas. The response 
of beet leaves to CO, is rapid and considerable (increases of pH approach- 
ing 1.0 pH unit were observed by Fire and FrRAmpTON in 60 minutes). 
THORNTON’s work was done on much larger masses of tissue in a gas phase 
and the response, though considerable, required a longer period. A possi- 
bility that thin discs would react even more than the large masses was 
evidently not realized. This difference is most probably due to factors 
incidental to the use of discs immersed in aerated solution, though the possi- 
bility that the reversibility of the effect, which Fire and FrRampToN observed 
for beets, is so accentuated in these dises that their reaction is reversed be- 
fore sap can be expressed and measured may have to be considered. Even if 
this were the case, the clue to the metabolic effect of carbonic acid and bicar- 
bonate solutions should be with the permanent, rather than the transient, 
results of such treatments. 

Experiments made on the effect of pH and phosphate concentration on 
the respiration and nitrogen metabolism of potato dises afford an interesting 
comparison with the bicarbonate series from which the effects specifically 
due to H and OH ions may be inferred. 


THE EFFECT OF PH AND PHOSPHATE CONCENTRATION ON THE METABOLISM 
OF POTATO DISCS 


The trend of the effects of total phosphate concentration and of pH in 
phosphate buffered solutions is shown by the results of two series of experi- 
ments. One is conducted at constant pH and the other at constant total 
concentration of total phosphate and potassium; otherwise both are con- 
ducted under identical conditions of time, temperature, aeration, ete. These 
variables are fixed at the same arbitrary values used in the bicarbonate ex- 
periments so that direct comparisons can be made between the two series of 
experiments. 
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The effects due to varying concentration of total phosphate were deter- 
mined at pH 6.9. This is a reaction close to strict neutrality and at the 
pKa value of phosphoric as a dibasic acid where the buffering effect of po- 
tassium dihydrogen phosphate in presence of potassium monohydrogen phos- 
phate is at its maximum. The effects due to pH were determined at constant 
concentration of 0.020 mol per liter of total phosphate. To eliminate con- 
fusion due to variable concentration of potassium, the solutions had their 
potassium content raised where necessary, to a constant level of 0.040 equiva- 
lent per liter, by the addition of potassium since the sulphate ion has only 
slight influence on the metabolism of potato discs. The composition of the 
solutions used is given in table VI. 


TABLE VI 


COMPOSITION OF BUFFER MIXTURES FOR EXPERIMENTS AT CONSTANT PHOSPHATE 
AND POTASSIUM CONCENTRATION * 








PH SoLuTiIon A To SoLUTION B To 
2 LITERS 2 LITERS | 2 LITERS 
i a -| —-— ; : 
ml. ml. ml, 

8.04 133 137.0 

7.46 133 112.0 25.0 
6.95 133 73.0 64.0 
6.48 133 33.0 | 104.0 
5.96 133 14.6 122.4 


6.82 | | 270.0 





* Stock Soln. A=0.3 M KH,.PO,. 
Stock Soln. B=0.3 M KOH. 
Stock Soln. C =0.15 M K.SO,. 





To arrive at these desired mixtures stock solutions of 0.8 M KH.PO, and 
KOH were prepared and, using the glass electrode, the titration curve of the 
one against the other was determined and from this the volume mixtures 
necessary for any desired pH could be ascertained.° 

For the experiment at constant pH a phosphate buffer mixture at pH 
6.9" was prepared which was then diluted so that the desired total phos- 
phate concentrations were obtained; namely, 0.002 M, 0.01 M, 0.025 M, and 
0.040 M. The last was too strong and, because of the less turgid condition 
of the tissue in this solution, no safe conclusions could be drawn from this 
culture. These data are therefore omitted. 

The effect of the above treatments can be represented by a method 
similar to that previously adopted for the bicarbonate experiments. 
Respiration rate and protein, or soluble nitrogen, content of the dises were 
plotted on isometric paper against both pH of the external solution and the 

®See Honit, LAMER, and CHown (7) for a discussion of the ionie equilibria in 


phosphate solutions at different pH ’s; also CLARK (2). 
10 One liter of 2 M/5 KH.PO, +720 ml. 2 M/5 KOH, the mixture diluted to 2 liters. 
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total phosphate concentration. The data obtained identify two sections cut 
through a solid model, the surface of which describes the inter-relationships 
of the three variables concerned. Sufficient data to identify such surfaces 
completely would involve a rather formidable investigation which it might 
be difficult to complete before the changes which ensue during storage 
affected the behavior of the tissue. The experiments were so planned, 
however, that the more limited data available permit one to discern the gen- 
eral trend in the effects which were obtained. 

RESPIRATION.—The time curve of respiration of tissue in phosphate buf- 
fered solutions at pH 6.9 is identical in form to that already shown for tissue 
in distilled water or certain neutral salt solutions (CaCl,). It consists of 
an initial period during which the respiration rises to a value which is sub- 
sequently maintained for long periods. Phosphate cultures at acid or alka- 
line reactions introduced further complications into the initial period and 
it is not proposed to deal with these at length here. It will suffice to state 
that the carbon dioxide removed by the air stream from the cultures in the 
first period increased progressively from the more alkaline to the more acid 
solution. This was doubtless due to the bicarbonate which remained in the 
more alkaline solution. Later in the time drift cultures, both more acid and 
more alkaline than pH 6.9, it produced a transient increase in respiration ; 
this had, however, elapsed before the period of 26 to 72 hours to which par- 
ticular attention will be directed. 

The effect of increased concentration of total potassium phosphate on 
respiration is revealed by the series at constant pH (table VII). Those 


TABLE VII 
EFFECT OF EXTERNAL PH ON RESPIRATION* OF POTATO DISCS IN POTASSIUM PHOSPHATE 
BUFFERS (0.020 M) OF CONSTANT K CONTENT (0.040 EQUIV.) AT 23° C. 


5.96 6.48 6.95 7.46 





External pH | | 8.04 
Respiration rate | 0.207 | 0.299 | 0.325 0.302 | 0.234 
| | 
Relative respiration rate | 63.8 92.0 | 100.0 | 93.0 72.0 
} ' 
* Respiration rates = mean rates in mg. CO, per gm. initial fresh wt. per hour 


for period 26 to 72 hours of exp. 
Relative respiration rate = culture at pH 6.95 as 100. 

effects are due either to potassium or to the simultaneous and proportional 
increase in H,PO, and HPO, ~; the relative amounts of these are equal in 
solutions of pH equal to the pKa value of the second dissociation of phos- 
phorie acid (pH =6.9). Total phosphate concentration increased respira- 
tion at pH = 6.9 (table VIII, fig. 7) ; this might be expected from the preva- 
lent belief that hexose phosphate plays a prominent réle in respiration. 

It is well to emphasize, however, that the increase observed is not con- 
spicuously greater than the response obtainable with potassium nitrate and 
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TABLE VIII 


EFFECT OF TOTAL CONCENTRATION OF POTASSIUM PHOSPHATE BUFFER ON RESPIRATION 
RATE* OF POTATO DISCS AT PH 6.9 AND 23° C, 





0.010 0.025 





0.002 





Molar concentration phosphate ...... 0.0 





Respiration rate ....... Sai 0.193 0.204 0.245 0.367 
Relative respiration ratet 100.0 106.0 | 127.0 | 190.0 
* Respiration rates =mean rates in mg. CO, per gm. initial fresh wt. per hour 


for period 26 to 72 hours of exp. 

t Relative respiration rate = culture in distilled water = 100. 
it is actually less than the response which has been obtained in ammonium 
sulphate and nitrate solutions (unpublished experiments). The interpreta- 
tion of the mechanism of the phosphate response can be deferred, but it is 
clear that the doubtful specific effect of phosphate, unlike that of bicarbon- 
ate, is to increase respiration. 

Despite the contrast in the effects due to the two anions, the effects of pH 
on respiration in phosphate buffered solutions (table VII, fig. 7) are similar 
to those of pH on protein synthesis (and presumably also on respiration) 
in bicarbonate buffered solution. After the respiration had attained some- 
what steady levels during the last 36 hours of the treatments, the maximum 
respiration occurred at pH 6.9. When data from the two experiments are 
combined (fig. 7) the probable form of the surface which depicts the effect 
of phosphate concentration and pH on the respiration of potato dises can 
be visualized. 

THE GENERAL EFFECT OF PH ON RESPIRATION.—The literature contains no 
other record of the effect of phosphate concentration and pH on the respira- 
tion of potato dises similar to figure 7. Reported attempts to show the 
effect of pH suffer from inadequate appreciation of the variables which 
affect the behavior of potato dises. Lemmon (8) and Bosweuu (1), both 
working with potato tissue, used the WARBURG manometric method—a tech- 
nique the full implications of which have not been adequately investigated 
relative to the behavior of potato discs. LEMMON was primarily concerned 
with the effects of pH on respiration but used buffer solutions of such varied 
composition that the effect of pH per se could not be segregated from that 
due to other variable components of the solutions. This was doubtless 
responsible for the erratic behavior observed. 

BoswELu though not primarily concerned with the effects of either salts 
or pH on respiration, used such short time periods (0 to 3 hours) that it is 
questionable if the tissue had fully responded either to the salt treatment or 
to the oxygen content of the solution if this was indeed in equilibrium with 
air. BosweE.u did not state the full composition of his buffer solutions ; e.g., 
the nature and concentration of the cation. He remarks that his results 
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show that for the pH range of 5.29 to 8.04, the oxygen uptake is unaffected 
between pH 5.59 and 6.81 ‘‘falls away slightly below 5.9 and rises above 
6.81.’’ No final conclusion can be drawn from his figures which merely 
show that in his experiments the effect of pH, if indeed pH was the causal 
factor, was erratic. The pH effects described in this paper, whatever their 
ultimate explanation, are clearly consistent with the other results of this 


EFFECT OF pH & POTASSIUM PHOSPHATE CONCENTRATION 
ON RESPIRATION OF POTATO Discs (26 1072 HOURS) AT 23°C. 
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Fig. 7. 


series of investigations and they form part of a comprehensive, general pic- 
ture of the behavior of potato tissue. 

With respect to other tissues there are inconsistencies in the relation of 
respiration to pH. To cite but two cases: Lyon’s (10) results with Elodea 
showed greater respiration with increasing alkalinity beyond pH 7.0; 
whereas THomas (24) claims that respiration increases with acidity in 
carrots. 


Even the effect of phosphate concentration on respiration is not free 
from contradictions. Lyon (9) using Elodea treated with phosphate solu- 
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tions at a ‘‘neutral reaction’’ for one hour—treatment which if prolonged 
to 30 hours caused death—showed that increased phosphate concentration 
stimulated respiration although preceded by a very brief depression. He 
ascribed this effect to the PO, ion and related the effect to the ‘‘p PO,’’ 
(11). Boswe u’s data on the potato are different but difficult to interpret. 
The cation content of the buffer solutions was not specified, and during 3 
hours the effect of increased phosphate concentration at pH 5.5 was to de- 
crease respiration. Whenever a preliminary decrease in respiration of 
potato dises, due to phosphates of sodium or potassium, has been observed in 
our investigation it has always been succeeded by a prolonged period 
which phosphate increased respiration. The general conelusion that phos- 
phates decrease the respiration of potato dises should not be drawn from 
BoswELL’s data. Lyon (11) sees in his well-known observation that inor- 
ganic phosphate will stimulate the activity of potato oxidase preparations 
(aqueous extracts of pulp) so that—in presence of phosphates only—they 
can oxidize sugar, evidence that the mechanism of the phosphate effect on 
aerobic respiration is a catalytic effect on the oxidases. Recognizing that 
LyYon’s tissue pulp extracts may have also contained nitrogen compounds, 
and broadening the usual range of oxidase substrates to inelude their sec- 
ondary effects on amino-acids, such an explanation would be consistent with 
the standpoint of this paper. 

NITROGEN METABOLISM.—Using the initial and final tissue from the 
experiments of tables VII and VIII, the changes which occurred in the 
protein nitrogen, soluble nitrogen, and the various components of the 
soluble nitrogen were determined by the methods which have been described. 
The data in absolute units are to be found in tables [IX and X. The recov- 


TABLE IX 


EFFECT OF CONCENTRATION OF POTASSIUM PHOSPHATE BUFFER SOLUTION AT PH 6.9 ON THE 
NITROGEN FRACTIONS OF POTATO DISCS AT 23° C. DURING 72 HOURS* 























CONCEN- 
TRATION | PERCENTAGE | 
porassium | Toran | P2® | AMIDE N | Am- 
Sam- ceenetoaie ~.” | ~EIN | Pro- | Sotu- | AMINO | cha 
: PHOS- N PER | | e™ : MONIAt 
PLE re N PER | TEIN N| BLE N N | - 
PHATE IN GRAM emacs | | N 
EXTERNAL ‘te “ ABLE | _ ABLE 
SOLUTION * 
M mg. mq. % % % % 
Initial 
tissue 2.02 0.59 29.2 70.8 58.4 9.4 6.4 
Final 0.0 2.02 0.90 44.6 55.4 44.6 5.4 7.4 
| 0.002 2.09 0.93 44.6 55.4 46.7 6.2 | 1.0 
ae 0.010 2.05 0.99 48.3 51.7 42.9 66: | 65 
he 0.025 2.03 1.20 59.2 40.8 34.5 64 | 0.5 
66 0.040 2.03 1.08 53.2 46.8 38.4 7.4 0.2 


* Absolute units= mg. N per gm. initial fresh weight. Results on percentage basis 
are relative to total nitrogen. 
t Negligible, order of 0.001 mg. per gm. fresh wt. No effect of cone. 
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TABLE X 


Errect OF PH IN POTASSIUM PHOSPHATE BUFFERED SOLUTIONS (0.020 M PHOSPHATE) ON 
THE NITROGEN FRACTIONS OF POTATO DISCS AT 23° C. DURING 72 HOURS* 























. AMIDE N 
a Phares PRo- Souu- | AMINO | AM- 
SaMPLE | PH | N PER | N PER aaneiaes| «|. | Ux. | MONTAt 
GRAM GRAM | | STABLE | erence N 
| mg. | m. | % | & % % % 

Initial | 

tissue | 2.02 | 059 | 29.2 | 70.8 57.4 8.9 6.44 
Final | 5.96 | 2.02 0.68 33.6 66.4 53.5 8.4 5.45 

« 6.48 | 2.00 | 083 41.5 | 58.5 | 50.0 6.5 | 0.55 

a | 6.95 | 2.03 | 1.14 56.2 | 43.8 36.9 6.4 0.59 

te | 7.46 | 2.00 0.78 | 39.0 | 61.0 54.0 8.0 0.50 

‘6 | 8.04 | 2.01 | 0.60 | 29.9 | 70.1 | 51.8 8.0 4.98 








* Absolute units =mg. N per gm. initial fresh weight. Results on a percentage basis 
are relative to total nitrogen. 

+t Negligible, order of 0.001 mg. per gm. fresh wt. No effect of pH. 
ery of the initial total nitrogen of the tissue was quantitative and the 
changes which occurred are shown relative to the total nitrogen in figure 8. 
In this figure, protein nitrogen is represented by histograms below the line 
and the absolute nitrogen fractions by histograms above the line. In 
analyzing tissue from phosphate cultures it is essential to use the trichlor- 
acetic acid method for the determination of protein nitrogen. The aleohol 
method gives anomalous results since some protein is soluble in hot aleohol 
in the phosphate treated cultures. 

The outstanding fact is that the salt or pH treatment caused respiration 
wherever it induced greater protein synthesis. This is shown clearly by a 
comparison of the histograms which represent the respiration rate (relative 
to standard treatments to which the value 100 is assigned) and those which 
represent the protein nitrogen content of the tissue (fig. 8). This is yet 
another, though very striking, example of the parallelism which exists 
between protein synthesis and respiration in potato discs. It has more than 
usual interest since it suggests that even in its response to phosphate, the 
respiration of potato discs is modified through that same respiratory com- 
ponent which is linked with nitrogen metabolism. This component is not 
controlled by sugar concentration, and is responsible for those other effects 
of inorganic salts on the respiration of potato dises that have been described 
in earlier papers. 

The full implications of an investigation by Ricnarps (14) cannot be 
discussed here. It should be noted even though it treats of a problem ap- 
parently somewhat remote from the present one, since it correlates phos- 
phorus deficiency during the growth of barley seedlings with low protein 
content and low respiration. 


An explanation of the phosphate response without recourse to the hexose 
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phosphates and their reactions may occasion some surprise. At this stage 
finality is clearly impossible but the implication is that even potassium 
phosphates act upon metabolic processes which, as yet, appear to be some- 
what remote from the metabolism of glucose via hexose phosphates. It is 
true that out of the increasing knowledge of the specific enzymes which 
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catalyze the reactions of the hexose phosphates an explanation of the effect 
of pH on respiration may be forthcoming. A notable achievement is that 
of Hanes (4, 5) who has isolated a phosphorylase from crude potato sap 
which will reversibly convert starch to glucose-l-phosphate. This enzyme 
has a pH optimum at 6.4, but the enzyme machinery (phosphoglucose con- 
version system of Hanes) which converts this substance to hexosediphos- 
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phate and thence catalyses the splitting of the carbon chain, has apparently 
a pH optimum at a reaction more alkaline than pH 7.0. It is, therefore, 
not inconceivable that processes dependent upon the consecutive action of 
such enzymes might appear to be favored by a reaction of 7.0. The possible 
connection of the phosphorylation of sugar with deamination of amino acids 
and protein synthesis is remote. It still seems, however, that phosphates 
and pH must exert some direct effect upon nitrogen metabolism in potato 
dises apart from the effects exerted upon the main line of carbohydrate 
breakdown by the route which the latter is commonly believed to take. 

In the presence of phosphate, as of other salts, the bulk of the nitrogen 
used in protein synthesis was drawn from the amino-nitrogen fraction; it 
will be seen from figure 8 that the changes in amino nitrogen are closely 
parallel to the increase in protein nitrogen. An outstanding feature is, 
however, the effect of phosphate upon that part of the total soluble nitrogen 
which has been designated ‘‘heat unstable amide.’’ In the initial tissue 
this fraction usually comprises about one-third of the soluble nitrogen other 
than the true amino nitrogen. The stable amide usually decreases, but the 
unstable amide fraction usually increases when the tissue metabolizes in 
aerated distilled water (table IX, fig. 8). In all phosphate solutions with 
reactions between pH 6.5 and 7.5 the content of ‘‘unstable amide’’ in the 
tissue was reduced to a low level. 

Comparing the tissue which was subjected to distilled water and to 
0.025 M phosphate (table IX, fig. 8), it is clear that of the nitrogen for the 
extra synthesis of protein which was stimulated by the salt, approximately 
70 per cent. was derived ultimately from amino nitrogen. The remainder, 
however, is accounted for by the utilization of the unstable amide fraction; 
this was so stimulated by phosphate that, although normally increasing in 
the aerated dises, it was used more rapidly than it was produced and thus 
the amount present in the tissue decreased. It will be recalled that the 
unstable amide fraction (21, 22) has previously been regarded as a possible 
reactive intermediary between amino acid and protein and this further evi- 
dence that the reserves of this substance are depleted by yet another salt 
treatment which stimulates synthesis and respiration is suggestive in this 
connection. Conversely, at those reactions (pH 6.0 to 8.0), protein synthesis 
and respiration were both depressed, and the stimulating effects of phos- 
phate were no longer evident because the inherent capacity of the tissue 
tended to maintain its initial store of unstable amide even in contact with 
phosphate. 

The effeets of pH on protein synthesis in phosphate and bicarbonate 
buffered solutions can be compared by reference to figures 6 and 9. The 
contrast in the specific effects due to phosphate and bicarbonate concentra- 
tion at constant pH is evident; and also the fact that, wnder each buffer 
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H. Potassium PHOSPHATE Conic. On EIN 
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Fig. 9. 


system, when the salt and other treatments were conducive to active protein 
synthesis, this reached a maximum at pH 7.0 and decreased to zero at more 
acid and more alkaline reactions. This effect can be attributed only to 
the direct effect of Ht and OH- upon the mechanism of protein synthesis. 
The obvious similarity between figure 7, which depicts the effect of pH and 
phosphate concentration on respiration, and figure 9 which shows the effect 
of similar treatments on protein synthesis, needs no further comment. 
Figures 6 and 9 are reminiscent of the effect of pH upon the enzymatic 
synthesis of protein in concentrated protein hydrolysates. It was shown by 
WasTENAYs and Borsook (26) that the synthesis reached a maximum at a 
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pH of 4.0 in the case of egg albumin and the curve of synthesis as affected 
by pH was symmetrical about this reaction. They considered the possibility 
that this was due to the dissociation of an amphoteric component of the sys- 
tem although no component had an appropriate iso-electric point. The 
protein synthesis pH curves for potato dises are of a similar type. It is 
unlikely that the isoelectric properties of any amino acid present in potato 
determines the pH optimum at 7.0 and this appears to be attributable to 
some effect of the properties of water on the synthesis. 


SALIENT FEATURES OF THE EFFECT OF PH, BICARBONATE, DISSOLVED CARBON 
DIOXIDE, AND PHOSPHATES ON THE BEHAVIOR OF POTATO TISSUE 


At pH 6.9, increased concentration of potassium phosphate increased 
both the respiration rate and protein synthesis of potato dises. In this 
respect phosphates behaved in a manner similar to potassium salts, in their 
reactions with other anions (Cl, Br, NO,). It is thus clear that the stimulat- 
ing agent is the potassium ion although its effect may be modified by the 
accompanying anion. Despite the prevalent idea that phosphates play an 
essential réle in respiration, the stimulating effect of phosphates on the 
respiration of potato discs was not greater than that due to equivalent con- 
centrations of other potassium salts. There is strong reason for the belief 
that the extra respiration stimulated by potassium phosphate was primarily 
due to that same component of respiration which is stimulated by the 
potassium ion as affected by other potassium salts. 

At constant potassium and phosphate concentration both respiration 
and protein synthesis were at a maximum at an external reaction close to 
strict neutrality ; at reactions somewhat more alkaline than pH 8.0 and more 
acid than pH 5.9 protein synthesis vanished. It is noteworthy that in 
potato dises the maximum protein synthesis does not occur in solutions at 
the same external reaction as that at which the extracted tissue proteins are 
iso-electric, e.g., pH 4.4. [See PEARSALL and Ewrne (13) as suggested by 
PEARSALL and PriestLEy (12) on theoretical grounds only. | 

Potassium bicarbonate solutions in the presence of free carbonic acid 
and at pH 7.0 have a quite different effect upon metabolism since they 
depress protein synthesis and oxidase activity progressively as the salt con- 
centration is increased. This is the only case yet encountered in these 
investigations in which an increased concentration of a potassium salt de- 
creased the respiration and metabolism of potato discs. It is evident that 
this effect is due specifically to HCO, and H.CO,. Although the available 
data are limited, it is clear that the metabolism of carbohydrate and respira- 
tion were also depressed by these salt treatments; the trend of the effect of 
bicarbonates and pH upon these processes should be similar to that found, 
and more fully investigated, for protein synthesis. 
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Increased concentrations of potassium bicarbonate and free acid at con- 
stant pH depress, and eventually suppress altogether, both protein synthesis 
and also the accumulation of the bromide ion. These facts again imply that 
the processes of respiration, protein synthesis, and bromide uptake in potato 
cells are all closely linked together. The data also show, however, that 
potassium was absorbed even from bicarbonate solutions which suppressed 
protein synthesis and bromide uptake. The presumption is that this was 
accompanied into the tissue by bicarbonate, which then reacted with the 
organie acids of the tissue since the bicarbonate concentration of the sap 
did not increase. Such absorption of potassium seems not to be as essen- 
tially related to growth as the simultaneous uptake of potassium and bro- 
mide. Treatment with solutions of bicarbonate and free carbonic acid 
affects the potassium previously stored in the potato cells in a manner which 
suggests that they retain their salts most effectively under conditions which 
are optimum for protein synthesis. All the evidence, therefore, reinforces 
the view that protein metabolism plays an essential réle in the production 
and maintenance of ionic accumulation gradients. 

The depressing effect of bicarbonates upon metabolism and bromide up- 
take cannot be ascribed wholly to the combined carbonic acid or to the free 
acid but both play a part. It seems that the bicarbonate ion present is 
more potent than the undissociated free acid. Three-dimensional models 
portray the inter-related effects of pH, bromide absorbed in the sap, protein 
synthesis, and potassium bicarbonate (total carbonic acid concentration 
in the solution). These show that the influence of added bicarbonate and 
free carbonic acid on bromide uptake or protein synthesis reaches a maxi- 
mum at pH 7.0. Similarly, protein synthesis is, at any given salt (KHCO,) 
concentration, at a maximum at pH 7.0 and declines to zero at reactions as 
alkaline as pH 8.7 and as acid as pH 5.3. 

The almost identical effect on protein synthesis of solutions of different 
pH but constant salt concentration which were obtained with the different 
buffer systems employed, although the constituent salts (bicarbonate and 
phosphate) have distinct and opposed effects on metabolism, is evidence 
that the effect of pH at constant potassium concentration which is in ques- 
tion is mainly due to the H and OH ions and not to other ions or molecules 
in the buffer systems concerned. The importance of the reaction pH 7.0, 
at which protein synthesis is at a maximum and the depressing effect of 
added bicarbonate a minimum, is an indication that the process is limited 
in some way by the properties of water; the physico-chemical properties of 
plant amino-acids and proteins (iso-electric points) do not show maxima or 
minima at a pH of 7.0. 

The effects of both phosphate and bicarbonate upon the nitrogen metab- 
olism of the dises ultimately become apparent upon the utilization of the 
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amino-acid reserves. In both cases, the color reactions which the treatments 
induce, suggest that the activity of the phenolase in the tissue is a potent 
part of the mechanism of the salt effects. In both cases, however, there is 
evidence which suggests that the effect of the salts extends beyond the pos- 
sible réle of the phenolase in the deamination of amino compounds. The 
unstable, amide-like substance, to which previous reference has been made, 
is so affected by phosphate and bicarbonate treatments that a relative in- 
erease in protein synthesis caused by the salt results in a relative decrease 
of unstable amide and vice versa. On the highly probable assumption that 
the substance in question is formed from sugar and the products of deamina- 
tion of amino acids and is an intermediate in protein synthesis, it becomes 
clear that the effects of phosphate and bicarbonate extend to the later stages 
of the conversion of such intermediates to protein and are not confined to 
the deamination mechanism alone. Of course, phenolase may also be 
involved in these stages. 

Despite the fact that metabolic processes (respiration and protein syn- 
thesis), which are clearly connected with the ability of the tissue to absorb 
salts, are favored by a neutral reaction of pH 7.0 there is, nevertheless, a 
wide range of pH (6 to 8) within which the bromide uptake is not con- 
spicuously affected by pH. 

The investigation emphasizes again the ramifications of the biochemical 
effects due to ions in the external solution which extend to all phases of the 
metabolism of the tissue investigated and which are seen to be characteristic 
of all the ionic species that have been considered in this and preceding 
papers. 

Summary 


1. The effect of pH and the concentration of a KHCO,/H.CO, buffer on 
the absorption of bromide and the metabolism of potato dises has been inves- 
tigated using thin dises in aerated solutions at 23° C. 

2. Throughout, the effects of these treatments on the uptake of bromide, 
on protein synthesis, and on oxidations in the tissue catalyzed by oxidases 
(phenolase) are closely parallel. 

3. At constant pH, increasing the external concentration of KHCO, and 
dissolved carbon dioxide depresses (and eventually suppresses completély) 
both protein synthesis and bromide accumulation. To this effect both com- 
bined and free carbonic acid contribute ; at pH 7.0, their relative effects are 
about equal. Of HCO, and undissociated H.CO,, the former appears to 
have the greater effect on the tissue. 

4. There is a relatively broad pH range, in the absence of bicarbonate, 
within which bromide uptake is not much affected by {H*] and its attendant 
variables. In the presence of bicarbonate, protein synthesis (though de- 
pressed by the salt) is at its maximum at pH 7.0 and is less active in a more 
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acid or alkaline solution. These effects are specifically due to H* and OH 
and find a parallel in bromide uptake which is depressed by bicarbonate 
solutions and is more favored under these conditions by a pH of 7.0 than by 
reactions more acid or more alkaline. 

5. The effect of HCO, and H.CO, on nitrogen metabolism is also shown 
by their effect on the utilization of amino acids but it extends to subsequent 
reactions; é.g., reactions in which unstable amides are involved as inter- 
mediaries of protein synthesis. 

6. The effects of pH and the concentration of a bicarbonate buffer on 
the behavior of the tissue (bromide uptake, nitrogen metabolism, ete.) can 
be represented by 3-dimensional figures. Comparison of these figures shows 
that bromide uptake and protein synthesis from soluble nitrogen reserves, 
are similarly affected by these variables. 

7. The evidence shows again that in neutral solution (strictly pH 6.9) 
K* and Br- are equally absorbed by potato dises. At more acid reactions 
(by CO,), conditions which are also less favorable for protein synthesis, the 
tissue loses potassium. The best conditions for protein synthesis are con- 
ducive to the maintenance of existing concentrations in the cell sap. 

Tissue, however, in which neither bromide uptake nor protein synthesis 
occurred, absorbed potassium from relatively strong bicarbonate solu- 
tions. This special case of potassium absorption (accompanied by HCO,- 
which apparently reacts with the organic acids of the cell sap) is less depen- 
dent on the processes of growth than the case in which a cation and a non- 
reactive anion are absorbed together. 

8. Indirect evidence shows that the bicarbonate solutions which retard 
bromide absorption and protein synthesis also depress respiration and the 
metabolism of carbohydrate. 

The mechanism of the effect of HCO, and H.CO, on metabolism is 
briefly discussed. 

9. The effect of pH and phosphate concentration on respiration and 
nitrogen metabolism has been investigated using aerated phosphate buffers 
of constant potassium content. 

At pH 7.0, increased concentration of a phosphate buffer increases both 
respiration and protein synthesis in potato dises. 

At constant phosphate concentration both respiration and protein syn- 
thesis are at a maximum at pH 7.0 and decrease in solutions more acid and 
more alkaline. 

The similarity in the effects of these variables on both respiration and 
nitrogen metabolism is seen by comparing figures which show simultane- 
ously the variation of the property in question (respiration, protein syn- 
thesis, or loss of soluble nitrogen) in relation to two variables (pH and phos- 
phate coneentration ). 








STEWARD AND PRESTON : METABOLISM OF POTATO DISCS 517 


10. Phosphate treatments which stimulate respiration deplete the tissue 
of the unstable amide, which is normally present in dises of potato in 
aerated solution and which appears to be a reactive intermediary in pro- 
tein synthesis. 

11. Despite the different specific effects attributable to the phosphate 
and bicarbonate the parallelism between protein synthesis and respiration 
is consistent throughout. Although phosphates increase and bicarbonates 
decrease respiration the effect of pH is similar in both buffer systems. 
These effects must be ascribed specifically to H* or OH and, if not due to 
specific enzymes with definite pH optima, their symmetry about pH 7.0 
suggests that they are determined by properties of water and not of the 
ampholytes (amino acids, proteins) concerned. 

Brief reference is made to the general problem of the effect of pH on 
respiration and to discrepancies in the literature. 

12. Phosphates seem to influence metabolism of potato dises through 
their effect on nitrogen metabolism (protein synthesis and use of amino 
acids) ; i.e., processes which appear remote from the accepted role of hexose 
phosphates in carbohydrate breakdown. 

13. Respiration, protein synthesis, and bromide absorption are again 
seen to be closely linked. They are similarly affected by external variables, 
the effect of which on the tissue is consistently shown by reactions stimu- 
lated by the oxidase (phenolase) it contains. 


The work in this paper was made possible by grants which have been 
separately acknowledged. Some of the experimental work was done in the 
Division of Plant Nutrition, University of California, while the senior 
author held a Rockefeller Foundation Fellowship. For the hospitality . 
then enjoyed and the subsequent care of this manuscript we acknowledge a 
debt to Dr. D. R. Hoacuanp. For that part of the work which was done at 
Birkbeck College, we have to acknowledge our grateful thanks for the sup- 
port received. 

DEPARTMENT OF BOTANY 


BIRKBECK COLLEGE 
UNIVERSITY OF LONDON 


LITERATURE CITED 


1. Boswen, J. G., and Wurtine, G. C. A study of the polyphenol oxi- 
dase system in potato tubers. Ann. Bot. n.s. 2: 847-868. 1938. 

2. CuLarK, W. M. Determination of hydrogen ions. Baltimore. 1928. 

3. Fire, J. M., and Frampton, V. L. The effect of carbon dioxide upon 
the pH and certain nitrogen fractions of the sugar beet plant. 
Jour. Biol. Chem. 109: 643-655. 1935. 

















518 


7. 


10. 


11. 


12. 


13. 


14. 


PLANT PHYSIOLOGY 


Hanes, C. S. The breakdown and synthesis of starch by an enzyme 
system from pea seeds. Proc. Roy. Soc. London B 128: 421-450. 
1940. 





Enzymiec synthesis of starch from glucose-I-phosphate. 
Nature 145: 348-349. 1940. 

HoaGuanp, D. R., and Broyer, T. C. Hydrogen-ion effects and the 
accumulation of salt by barley roots as influenced by metabolism. 
Amer. Jour. Bot. 27: 173-185. 1940. 

Hott, L. E., LaMer, V. K., and Coown, H. B. The solubility product 
of secondary and tertiary calcium phosphate under various condi- 
tions. Jour. Biol. Chem. 64: 509-565. 1925. 

Lemmon, P. Respiration of potato tissue in relation to hydrogen ion 
concentration of a surrounding solution. Amer. Jour. Bot. 23: 
296-302. 1936. 

Lyon, C. J. Effect of phosphates on respiration. Jour. Gen. Physiol. 
6: 299-306. 1924. 

Phosphate ion as a promoter catalyst of respiration. 

Jour. Gen. Physiol. 10: 599-615. 1927. 

The role of phosphate in plant respiration. Amer. 
Jour. Bot. 14: 274-283. 1927. 

PEarRsALL, W. H., and Priesttey, J. H. Meristematic tissues and pro- 
tein iso-electric points. New Phytol. 22: 185-191. 1923. 

, and Ewine, J. The iso-electric points of some plant 
proteins. Biochem. Jour. 18: 329-339. 1924. 

Ricwarps, F. J. Physiological studies in plant nutrition. VIII. The 
relation of respiration rate to the carbohydrate and nitrogen 
metabolism of the barley leaf as determined by phosphorus and 
potassium supply. Ann. Bot. ns. 2: 491-534. 1938. 

Stewarp, F. C. A technique for the study of respiration and salt 
absorption in storage tissue under controlled environmental con- 
ditions. Protoplasma 15: 497-516. 1932. 

Observations upon the effects of time, oxygen and salt 














concentration upon absorption and respiration by storage tissue. 
Protoplasma 18: 208-242. 1933. 

Mineral nutrition of plants. Ann. Rev. Biochem. 4: 
519-544. 1935. 

Salt accumulation by plants—the role of growth and 
metabolism. Trans. Faraday Soc. 33: 1006-1016. 1937. 

3eRRY, W. E., and Broyer, T. C. The effect of oxygen 
upon respiration and salt accumulation. Ann. Bot. 50: 346-366. 
1936. 














, and Harrison, J. A. The absorption of rubidium bro- 


mide by potato dises. Ann. Bot. n.s. 3; 427-454. 1939. 





ny 


nn" 


nn" 





STEWARD AND PRESTON : METABOLISM OF POTATO DISCS 519 





, and Preston, C. Metabolic processes of potato dises 
under conditions conducive to salt accumulation. Plant Physiol. 
15: 23-61. 1940. 

, and . The effect of salt concentration 

upon the metabolism of potato discs and the contrasted effect of 

potassium and calcium salts which have a common ion. Plant 

Physiol. 16: 85-116. 1941. 

, Stout, P. R., and Preston, C. The balance sheet of 
metabolites for potato dises showing the effect of salts and dis- 
solved oxygen on metabolism at 23° C. Plant Physiol. 15: 409- 
447. 1940. 

Tuomas, L. A. The respiration of carrot tissue in buffer solutions. 
Australian Jour. Exp. Biol. Med. Sci. 8: 225-236. 1931. 

TuorntTon, N. C. The influence of carbon dioxide on the acidity of 
plant tissue. Contrib. Boyce Thompson Inst. 5: 403-418. 1933. 

WasteneEys, H., and Borsoox, H. Enzymatic synthesis of protein. 
Ill. The effect of hydrogen ion concentration on peptic synthesis. 
Jour. Biol. Chem. 62: 675-686. 1938. 

WuuiaMs, J. J., and Beaumont, J. H. The effect of accumulated ecar- 
bon dioxide on plant respiration. Plant Physiol. 3: 45-59. 1928. 





















ACCUMULATION OF ARSENIC IN THE SHOOTS OF SUDAN 
GRASS AND BUSH BEAN’ 


LEONARD MACHLIS 


(WITH SIX FIGURES) 


Arsenic, like certain other elements, is toxic to plant and animal life in 
relatively minute quantities. It has no effect on, or may possibly be bene- 
ficial to, plants when present in traces (3, 12, 24, 25). Since it is an active 
poison the extensive use of arsenical herbicides and insecticides has been 
attended by several hazards. 

A small part of the toxicants adheres to the sprayed or dusted fruits and 
vegetables, thus rendering them inedible unless washed. Legislation now 
limits the amount of spray residue allowed to remain on these plant prod- 
ucts. The greater portion of the applied arsenicals are eventually de- 
posited in the soil where they accumulate in the surface layer (14, 17, 27) 
in quantities sufficient to retard plant growth. Unsuccessful crop produc- 
tion because of accumulated arsenical residues has occurred in South Caro- 
lina (1, 7), Louisiana (22), and Washington (27). 

In 1937 Jones and Harcn (17) suggested that plants growing on ar- 
senated soils might absorb quantities of arsenic which would be deleterious 
to livestock and humans if such plants were ingested. They found only the 
normal trace content of arsenic in apples grown on soils high in arsenic as a 
result of regular spraying practices. The negligible arsenic content of the 
apples was attributed to the fact that most of the roots were located below 
the surface layer of the soil in which the accumulated arsenic residues were 
found. 

The investigation reported below was designed primarily to determine 
the extent of accumulation of arsenic in agricultural plants having access 
to the element and to assess the data with respect to growers and consumers 
of plant products. 

Data on the arsenic content of plants grown under various conditions are 
meager. Analyses of plants growing on soils containing naturally-oceur- 
ring arsenic have shown traces to be present (16, 24, 26). These are, how- 
ever, insignificant as well as unavoidable. 


Two reports in the literature indicate that high-arsenic soils can produce 
high-arsenic plants. FELLENBERG (11) describes a meadow in the vicinity 
of Buus, Germany, which he found to contain 700 to 800 times as much 
arsenic as did cultivated fields in the surrounding country. The plants 
growing on this soil were also high in arsenic. He writes: ‘‘ Horses, accord- 


1 Published by permission of the Director of the Hawaii Agricultural Experiment 
Station as technical paper no. 72 
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ing to statements by tenants of Erzmatt, do not eat the hay, and sheep must 
not be fed with it except mixed with other hay, for otherwise they will 
become sick. Sheep even have become slightly sick when grazing. Con- 
sequently, we are dealing here with amounts of arsenic which already have 
a toxic effect upon these animals.’’? It should be noted that this soil had a 
very scanty flora and that attempts to grow different cultivated plants 
ended in failure. VANDECAVEYE, Horner, and Keaton (27) grew barley 
plants on soils obtained from the surface six inches of representative areas 
in each of three fields in the Yakima Valley, Washington. Two attempts to 
grow crops of barley and alfalfa on two of these soils failed. These had 
previously been in orchards which had been sprayed with lead arsenate 
over a period of years. The third had never been in orchard and was pro- 
ductive. The tops from barley plants grown on the unproductive soils 
yielded 10.01 and 17.50 p.p.m. As.O, respectively, on the dry weight basis; 
only a trace was found in the plants grown on the productive soil. The 
plants high in arsenic grew very poorly. 

These examples indicate that some plants are capable of absorbing con- 
siderable quantities of arsenic from soils which have high arsenic contents. 
Such soils oceur in the cotton belt (1, 21, 22), orchard growing regions 
(14, 27), and probably wherever arsenicals have been used over a period of 
years. They are a potential source of arsenic in plant food products. 

From the point of view of this paper, a high arsenic content alone is of 
no significance. When different plants are grown in increasing conecentra- 
tions of arsenic of the order of 0 to 25 p.p.m. there is a progressive decrease 
in growth (measured by weight) up to a lethal concentration which varies 
with the plant species (3). Exceedingly low concentrations of arsenic do 
not retard growth. For each plant, then, there is a range of concentrations 
of arsenic in which growth and accumulation of the element may take place. 
It is clear that good growth and extensive accumulation must take place 
concurrently if this phase of the general arsenie problem merits serious 
consideration. Studies were begun in 1937 at this station to obtain infor- 
mation pertinent to the problem. This report presents certain experiments 
in which water cultures were employed. 


Materials and methods 

The two plants selected for study were Sudan grass (Sorghum vulgare 
var. sudanense) and bush bean (Phaseolus vulgaris var. humilis). The 
former is used as hay and ensilage and the latter is raised for its fruit. 
Each plant was grown in two different but overlapping series of concentra- 
tions of sodium arsenite (NaAsO.) which are listed in table I. One series 

2 This quotation and a later one are from a translation for which the writer is in- 
debted to Mr. F. THompson, translator for the Division of Plant Nutrition, University 
of California, Berkeley. 
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TABLE I 


EFFECT OF THE CONCENTRATION OF ARSENIC IN THE CULTURE MEDIUM ON THE DRY WEIGHT 
YIELD OF SUDAN GRASS AND BEAN* 
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* The yields recorded are for a single plant for Sudan grass; 10 plants for bean 
series 1; single plant for the tops of bean series II; and 5 plants for the roots of bean 
series IT. 


t The negative values for bean series I are caused by variation in the weights of the 
seedlings at the beginning of the arsenic treatment. 

t Percentage of control. 
covered the entire range of concentrations in which each plant could live; 
the second contained a larger number of concentrations in the non-toxic or 
slightly toxic range. The terms ‘‘toxic’’ and ‘‘toxicity’’ are used in the 
sense of any repression of growth as measured by the dry weights of the 
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plants. The arsenic content of the stem, leaf, node, ete., of the Sudan grass 
plants at several intervals between the seedling and flowering stages and of 
the bean plants for a single collection was determined. 

Each series was grown in duplicate. With the exception of bean series | 
all data are averages of two independently determined values which did not 
vary sufficiently to affect the present interpretation. The arsenic content of 
the root was not systematically determined owing to the difficulty of distin- 
guishing between arsenic held internally and externally. 


CULTURE METHODS 


The plants were grown in 17- and 20-liter crocks on stationary tables in 
a greenhouse on the University of Hawaii campus. Each crock was fitted 
with a varnished plywood cover cut to hold six or eight flat corks which, in 
turn, were bored to hold a maximum of five plants each. Sudan grass 
seeds were germinated on cheesecloth supported over water in enameled 
pans and the bean seeds between sheets of moist paper. Selected seedlings, 
held in the corks with nonabsorbent cotton, were grown in arsenic-free 
nutrient solution for 7 to 10 days. At the end of this period the nutri- 
ents were renewed and the required amounts of arsenic added to each 
culture from a stock solution of NaAsO,. Both nutrients and arsenic were 
thereafter renewed weekly for the duration of each experiment. Occasional 
analyses of the solutions showed that the arsenic concentration decreased 
slightly during the week from the calculated initial concentrations. Thus, 
when the latter were 0.25, 1.0, 5.0, 10.0, and 18.0 p.p.m. As, the concentra- 
tions at the end of the week were found to be 0.14, 0.72, 4.62, 9.56, and 17.22 
p.p.m. As, respectively. When the plants had attained considerable size, 
suitable support was provided to keep them upright. The environmental 
conditions were equalized as much as possible by varying the positions of 
the cultures. 

HOAGLAND’s nutrient solution consisting of 0.005M KNO,, 0.005 M 
Ca(NO,)., 0.002 M MeSO,, and 0.001 M KH.PO, was used for Sudan grass 
and a three-salt solution composed of 0.005 M Ca(NO,)., 0.002 M MgS0,, 
and 0.002 M KH.P0O, for the bean plants. To both solutions FeSO,, MnS0O,, 
and H,BO, were added in small quantities. The experiments with bean 
were done following those with Sudan grass. The change to the three-salt 
solution was made because this nutrient was easier to prepare and produced 
healthy plants. It is considered unlikely that the changes in the concen- 
trations of the salts were of magnitudes that could affect the interpretation 
of the data. 


These solutions were made up in quantities of 100 liters and transferred 
to the ecrocks in a galvanized iron container designed to deliver either 17 or 
20 liters of solution. Baker’s C.P. grade chemicals, distilled water, and 
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continuous foreed aeration were used in all of the experiments. Normal 
H.SO, was added as needed to maintain the pH between 4 and 5. The 
plants were sprayed occasionally with nicotine sulphate (1: 800) to control 
thrips and aphids. 

PLAN OF EXPERIMENTS 


SUDAN GRASS SERIES I.—Thirty seedlings, nine days old, were placed in 
each crock (17-liter capacity) containing arsenic-free nutrient solution on 
Oct. 12, 1938. One week later the solutions were renewed and the required 
amounts of arsenic added. On Oct. 26, Nov. 2, 9, and 23, and Dee. 7, and 21, 
respectively, one cork of five plants was removed from each culture, weighed, 
and prepared for analysis. The plants were divided into the following 
parts: Oct. 26 and Nov. 2 collections into root and plant top; subsequent 
collections into root, tillers, and the primary shoot which was further 
divided into node, internode, leaf, and inflorescence, if present. 

For the purpose of this study the plant top of Sudan grass was divided 
into the main axis, or primary shoot, and the tillers or secondary shoots that 
arise from axillary buds at the basal nodes of the main axis. The latter 
produce their own adventitious root systems. The division was made for 
two reasons: (1) the tillers are of variable size and consequently difficult to 
dissect completely into their several morphological parts; and (2) they are 
produced at all times during the experimental period, whereas the primary 
shoot is present from the beginning. In the text the tillers plus the primary 
shoot are referred to as the plant top. The nodes, leaves, internodes, and 
inflorescences are those of the primary shoot only. 

SUDAN GRASS SERIES I].—Forty seedlings, 7 days old, were placed in each 
erock (20-liter capacity) on Oct. 21. One week later the solutions were 
renewed and the arsenic added. One cork of five plants was removed from 
each culture on Nov. 4, 11, 18, and 25, and on Dee. 2, 9, 16, and 24, weighed, 
and prepared for analysis. The plants were divided as follows: Nov. 4 and 
11 collections, into root and plant top; Nov. 18 and 25 into root, tillers, and 
primary shoot; and the remaining collections into root, tillers, node, inter- 
node, leaf, and inflorescence as above. The Dee. 2 and 16 collections were 
not analyzed for arsenic. 

BEAN sERIES I.—The plants in this series did not survive in concentra- 
tions of arsenic in excess of 2 p.p.m.; consequently, it was discontinued 4 
days after the addition of arsenic to the cultures. Five seedlings, 3 days 
old, were introduced into each crock (17-liter capacity) on Jan. 15, 1939. 
The solutions were changed and the arsenie added on Jan. 26 and four days 


later the plants were harvested. The plants from duplicate cultures were 
composited, and only the shoots prepared for analysis without further 
division. 


BEAN sErIEs II.—Five seedlings, five days old, were placed in each crock 
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(17-liter capacity) on Feb. 4. The required amounts of arsenic were added 
Feb. 16. One month later the plants were harvested, divided into root, stem, 
petiole, leaf blade, and fruit, and prepared for analysis. 


ANALYTICAL METHODS 


The fresh plant material was cut into small pieces and dried to constant 
weight in a blast of hot air at 85° to 95° C. The larger samples were ground 
in a Wiley mill, the smaller in a drug mill; both were stored in paper enve- 
lopes. Prior to analysis, the opened envelopes were placed in an electric 
oven at approximately 60° C. for six hours or more and then cooled in a 
desiccator. 

The official digestion method used in the Gurzerr procedure (20), modi- 
fied by the substitution of perchloric acid for ammonium oxalate in the driv- 
ing off of nitrogen oxides (5), was adapted to the small quantities of material 
available. The procedure used was as follows: Two grams or less of the dried 
ground sample were weighed into 125-ml. Erlenmeyer flasks which had pre- 
viously been calibrated and marked at the 125-ml. level. To the aliquot, 
1 to 2 ml. of H.O, 20 ml. of HNO,, and 10 ml. of H.SO, were added in order. 
These were shaken carefully two or three times over a 15-minute period. 
When the reaction subsided, the flasks were covered and allowed to stand 
for several hours to prevent excessive foaming when subsequently heated 
on an electric hotplate. During the heating 5 to 10 ml. portions of HNO, 
were added to the solutions until, with the evolution of SO, fumes, a clear 
white or amber color obtained. The flasks were then removed from the hot- 
plate, allowed to cool slightly, and 2 ml. of 70 per cent. perchlorie acid were 
added. After this, heating was continued until the evolution of dense SO, 
fumes. They were cooled again and made up to 125 ml. Sixty samples can 
be digested in this way in about three hours with a sufficiently large hotplate. 

In the estimation of arsenic, the titration method of Cassm and Wicu- 
MANN (6) was used with the exception that the maximum quantity of ar- 
senic determined was limited to 50 micrograms As.O;. Arsenic is reported 
as As unless otherwise designated. 

The inherent standard deviation of a single analysis was found from 
quadruplicate analyses of four samples of arsenic-containing plant material. 
The amounts found (as micrograms As,O, per gram of dry material) and 
the standard deviations (corrected for small samples) were 17.68+ 0.26, 
26.67 + 0.70, 32.25 + 0.58, and 51.68 + 0.46. The average of the standard 
deviations over the entire range was + 1.79 per cent. 

Time did not permit a critical determination of the percentage recovery 
of arsenic over the range used (6). Estimates based on limited tests indi- 
cate that in aliquots containing from 5 to 50 micrograms As,O, the amount 
found may be 5 per cent. less than the actual amount and in aliquots con- 
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taining less than 5 micrograms the amount found may deviate as much as 
+ 10 per cent. from the actual amount. Affected by the latter error are 
15 per cent. of the values presented for the arsenic contents of the plant 
parts of Sudan grass series I and II and 80 per cent. of the values for the 
plant parts of bean series II. 


Results 


GROWTH OF THE PLANTS 


Yietp.—The yield is here considered to be the dry weight of plant mate- 
rial produced in each culture subsequent to the initiation of the arsenic 
treatment. The data for each series are presented in table I. It should be 
noted that the yields of Sudan grass, as defined above, represent a summa- 
tion of the weights of the plants removed for the several collections from 
any one culture. This method was adopted to equalize variation between 
the weights of the plants in a culture. 

With reference to the plant tops, concentrations of arsenic below 0.5 to 
0.6 p.p.m. were non-toxic to both plants and may have been beneficial, while 
above this the yield was progressively reduced as the arsenic approached 
the lethal concentrations of 18 and about 2 p.p.m. of As, for Sudan grass 
and bean, respectively. The roots were similarly affected but in all concen- 
trations they produced relatively more dry material than the tops. 

The maximum concentrations of arsenic in which these plants can grow 
are probably closer to 1.2 and 10.0 p.p.m. for bean and Sudan grass, respec- 
tively. The roots of plants growing in concentrations in excess of these 
were almost immediately killed and were thus non-functional. Under this 
condition, the water, nutrients, and arsenic would enter directly into the 
transpiration stream, which probably accounts for the slight growth of the 
tops observed. Under soil conditions it is unlikely that such plants could 
have survived. Out of a total of 60 Sudan grass plants in the duplicate 
cultures containing 12, 14, 16, and 18 p.p.m. As only 53 per cent., 23 per 
cent., 10 per cent., and 0 per cent., respectively, survived the first week of 
treatment. 

The concentrations, 1.2 and 10 p.p.m. As for bean and Sudan grass, 
respectively, determine the maximum concentrations of arsenic from which 
accumulation may take place by each plant. These relative sensitivities 
are directly applicable to soil conditions and apparently are representative 
of closely related plant species. Thus BrRENcHLEY (3) found that in water 
cultures 4 p.p.m. arsenious acid prevented the growth of peas and 20 p.p.m. 
that of barley. Morris and Swincie (18) observed that when several dif- 
ferent arsenicals were added to soil plots, beans were killed; barley grew 
uninjured. Their report also indicated that some differences in sensitivity 
are to be expected between related plant species. Stewart and Smirn (24) 
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observed that beans seemed decidedly more sensitive than wheat and other 
plants growing in soil to which disodium arsenate had been added. Peas 
were more resistant than beans and potatoes, and seemed more sensitive 
than wheat. 

The high yields of some of the plants growing in the very weak concen- 
trations of arsenic, although probably not statistically significant, suggest 
a beneficial function for arsenic. This may be the indirect effect of the 
action of the arsenic on the fauna and flora of the cultures or it may 
indicate the essentiality of the element. Increased growth or healthier ap- 
pearing plants have been reported where arsenic was added to soil plots (12, 
24, 25) ; BRENcHLEy (3), however, using water cultures, was unable to find 
any evidence indicating a beneficial action of arsenic. 

If the criteria of ARNON and Srour (2) for essentiality are accepted, 
none of the experiments, including those reported herein, have demonstrated 
to date a requirement of plants for arsenic. 

OTHER RESPONSES.—The first recognizable response of the plants to the 
arsenic treatment was a wilting of the leaves of both species. This occurred 
daily for a period of several days with a recovery of turgescence at night. 
The extent of wilting of the plants growing in the various concentrations of 
arsenic was more or less proportional to the toxicity of the arsenic to the 
plants as indicated in table I and recovery was inversely so. The wilting 
took place very quickly. For example, arsenic was added to the cultures of 
bean series II at 1:30 P.M. on a sunny day and by 3:30 p.m. some of the 
leaflets of the plants growing in the highest concentrations of arsenic were 
wilting. About 10:00 a.m. the next morning all of the plants in solutions 
containing 0.5 p.p.m. or more As displayed some degree of wilt. The Sudan 
grass plants responded in a similar manner. 

Two to three days after the introduction of arsenic into the solutions 
necrotic leaf tissue was observed. The killed portions were the tips of the 
Sudan grass leaves and the margins of the bean leaves. The extent of killed 
tissue increased with increasing concentrations of arsenic in the cultures. 
The daily wilting decreased in severity as the plants became older. After 
two or three weeks a noticeable wilt was observed only on the day or two 
immediately following the renewal of the arsenic and nutrients. 

The leaf injury took place predominantly during the first week of 
growth in the arsenic-containing solutions. New leaves produced in all of 
the Sudan grass cultures and in most of the bean cultures subsequent to the 
initial injury were for the most part green and healthy. This was note- 
worthy because, as will be shown later, these apparently healthy leaves con- 
tained high concentrations of arsenic. 

It was observed that the roots became flaccid—again in proportion to the 
toxicity of the arsenic to the plant. Those in the very high concentrations 
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(above 1.2 and 12 p.p.m. As for bean and Sudan grass, respectively) soon 
became gelatinous and disorganized. 

The root systems tended to become red two or three days after the addi- 
tions of arsenic to the cultures. Those of the bean and Sudan grass plants 
growing in concentrations of less than 3 p.p.m. of As were tinged a slight 
pink. The color did not become noticeably more intense with time. The 
Sudan grass roots in the higher concentrations soon became a dark red, par- 
ticularly the larger roots, with the exception of the roots tips. The root 
systems of the bean and Sudan grass plants that were observed to become 
gelatinous did not become discolored, suggesting that they were killed before 
the reactions resulting in the reddening could take place. The cortical 
tissues were most severely affected for they could be removed leaving the 
white stele with its attached, small, lateral roots. 

In brief, it seems that the arsenic effected a sudden decrease in the move- 
ment of water into the plants. As a result of this interference with the 
supply of water to the plant top the leaves wilted and died back. Morris 
and Swinete (18) working with both water cultures and soils, observed 
that the addition of arsenicals to the growth media was followed by a 
marked decrease in transpiration. FrELLENBURG’s description (11) of 
plants growing on a high-arsenic soil also suggests that arsenic interferes 
with the water relations of plants. 

The reduced yields of bean and Sudan grass may be a response to this 
physiological drought; however, arsenic was found throughout the plants 
and could inhibit growth by interference with other processes. 

It is significant that no injury or abnormality of the plant tops was 
observed that was characteristic for arsenic poisoning. The wilting and 
subsequent killing of part of the leaves, as well as the decreased yield of the 
plants, apparently differed in no way from similar responses to be expected 
from a sudden drought. 


Analytical data 
CONCENTRATION OF ARSENIC IN THE PLANT TOPS 


In figure 1 the weighted average concentrations of arsenic found in the 
plant tops of Sudan grass series I at the time of each collection are presented 
graphically. It is to be noted that over the range of 0 to 8 p.p.m. As in the 
culture solutions the concentration of arsenic in the plant top is a straight- 
line funetion of that in the nutrient solution and, secondly, that it remains 
constant with time for each culture. The widely fluctuating values for the 
plants growing in the high concentrations of arsenic (9 to 18 p.p.m. of which 
those above 12 are not plotted because the range of values was too extensive 
to get into the figure) are indicative of the previous observation that the 
roots of these plants were non-functional. 
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Similar data for Sudan grass series II are substantially a reproduction 
of those of series I over the corresponding range of solution concentrations. 
There was a tendency for the concentrations of arsenic within the plant tops 
of series II to decrease during the course of the experiment; the magni- 
tudes of these changes were necessarily small, however. Data are presented 
for the Dee. 9 collection (table V) representing a series of concentrations 
midway between the highest and lowest observed during the experimental 
period. These data for series II are to be compared with the Dee. 21 collee- 
tion of series I (table IV) which is representative of the concentrations 
found in the plant tops of series I throughout the experimental period. 

In a like manner, the concentrations of arsenic in the plant tops of the 
two bean series are substantially the same for those plants growing in equal 
concentrations of arsenic even though bean series I was conducted for 4 days 
and bean series II for 30 days (tables VI, VII). 

The values found in each of the four series are compared in table IL. 


TABLE II 


CONCENTRATION OF ARSENIC IN THE PLANT TOPS OF BEAN AND SUDAN GRASS AS PARTS PER 
MILLION OF ARSENIC, DRY WEIGHT BASIS 


BEAN BEAN SUDAN GRASS 


SUDAN GRASS SERIES IT 
CULTURE | SERIES I SERIES IT SERIES I a 
CONCENTRATION }—— 

4 DAYS 30 DAYS 63 DAYS 42 DAYS 56 DAYS 
p.-p.m. p-p.m. p.p.m. p-p.m™. p-p.m. p-p-.m. 

0.25 3.6 3.9 1.3 

0.50 5.2 3.9 4.7 2.9 

0.75 3.9 7.4 4.3 

1.00 4.3 S.4 9.6 78 §.] 

2.00 17.9 20.0 14.7 15.6 11.2 


The comparison is obviously restricted to those plants growing in equal con- 
centrations of arsenic. Values from two different collections of Sudan grass 
series II are presented owing to the tendency for the arsenic content of these 
plants to decrease with time. It is seen that irrespective of the plant spe- 
cies or of the length of the growth period in the arsenic-containing medium 
the arsenic concentrations in all of the plants are of the same order of mag- 
nitude for each concentration of arsenic in the nutrient solutions. 

The data indicate that arsenic readily enters the plants. The concen- 
tration in the plant top is governed, apparently, by that in the nutrient solu- 
tion ; hence, the sensitivity of the plant to arsenic poisoning determines the 
maximum concentration of arsenic that it may contain. Of the two plants, 
Sudan grass is potentially more deleterious to humans or livestock than 
bean since it ean grow in higher concentrations of arsenic and thus contain 


higher coneentrations. 
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DISTRIBUTION OF ARSENIC WITHIN THE PLANTS 


The concentrations of arsenic in the parts of the Sudan grass plants at 
the time of each collection over the range of 1 to 10 p.p.m. are plotted in 
figures 2 to 5 from data for series I. Similar data for series II repeat the 
initial portions of the curves of figures 2 to 5. The leaves and nodes con- 
tain the highest concentrations, the internodes are intermediate but below 
the plant top averages; the inflorescences are very low. These differences 
become more marked with time in series I because of a tendency for the con- 
centration of arsenic in the nodes and leaves to increase, although those of 
the tillers and internodes show no change. These increases are not reflected 
in the curves for the plant tops (fig. 1) because they are offset by the appear- 
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Concentrations of arsenic in the plant tops of Sudan grass after growing 
for different lengths of time in culture solutions containing various concentrations of 
arsenic, The arsenic treatment began on Oct. 19, 1938. 


Fig. 1. 


ance of the low-concentration inflorescences and because, as the plants aged, 
the leaves came to represent a relatively smaller portion of the plant top. 
The close agreement of the curves for the plant tops, primary shoots, and 
tillers was to be expected (figs. 5, 6) for each represents an average of the 
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Figs. 2-5. Concentrations of arsenic in different parts of Sudan grass after grow- 
ing for 3 weeks (fig. 2), 5 weeks (fig. 3), 7 weeks (fig. 4), and 9 weeks (fig. 5) in culture 
solutions containing various concentrations of arsenic. 


concentrations of arsenic in the nodes, leaves, internodes, and inflorescences. 

The distribution in the bean plant is similar (fig. 6). The leaves are 
highest, stems and petioles intermediate, and the fruit lowest in concentra- 
tion of arsenic. Except for the reproductive structures the concentration 
of arsenic in any specific part of either plant species is a function of the 
solution concentration. 
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Concentrations of arsenic in different parts of bean plants grown for 29 


Fig. 6. 
days in culture solutions containing various concentrations of arsenic. 


The percentage of the total arsenic of the primary shoot of a plant found 
in any one part of the plant, i.e., the percentage of the total arsenic in the 
leaves, for example, was the same for all the plants irrespective of the 
arsenic concentration in the solution. Similarly, the dry weight of each 
part of the primary shoot relative to the total dry weight of the primary 
Averages and stand- 
These caleula- 


shoot did not vary with the solution concentrations. 
ard deviations of these measures are presented in table ITI. 
tions are based on the Sudan grass and bean plants growing in concentra- 
tions of arsenic up to and including 10 and 1.2 p.p.m. As, respectively. 
Similar caleulations made from data from plants growing in concentrations 
in excess of the foregoing deviated considerably from the averages, a result 
attributed to the non-functioning root systems of these plants. 

The changes with time of the distribution of the weight of Sudan grass 
are in accordance with expectations based on the nature of the growth of 
The decrease in the relative weight of the leaves of the 


these plants. 
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TABLE III 


DISTRIBUTION OF THE TOTAL ARSENIC AND DRY WEIGHT OF SUDAN GRASS AND BEAN PLANTS 
AMONG THEIR SEVERAL PARTS. EXPLANATION IN TEXT 














DRY WEIGHT OF THE PLANT PART AS A PERCENTAGE | DRY WEIGHT OF 
OF THAT OF THE PRIMARY SHOOT PRIMARY SHOOT 
= Aiea aa aes: pier acaba . ——| AS A PERCENTAGE 
. INTER- | NFLO- OF THAT OF THE 
Lear NopE NODE | RESCENCE PLANT TOP 
% s.p.*| % S8.D. % SD. % SD. % S.D. 
Sudan grass series 
I, Dee. 7 S38 71 | 85 2.7 35.5 4.5 3.2 23 45.5 8.1 
Sudan grass series 
I, Dee. 21... | 415 48 | 93 04 | 371 83 | 118 23 | 345 5.1 
Sudan grass series 
II, Dee. 9 . | 54.5 3.9 92 14 | 352 28 2.1 14] 62.8 6.3 
Sudan grass series 
II, Dee. 25 . | 38.4 2.3 8.8 0.8 39.9 2.0 13.1 2.4 37.3 6.2 
(Petiole) (Stem) (Fruit) 
sean series IT 49.2 5.7 7.1 0.4 203 23 23.5 1.9 
ARSENIC CONTENT 
OF PRIMARY 
ARSENIC CONTENT OF THE PLANT PART AS A PER- | SHOOT AS A PER- 
CENTAGE OF THAT OF THE PRIMARY SHOOT CENTAGE OF THAT 
OF THE PLANT 
TOP 
Sudan grass series 
I, Dee. 7 | 68.7 5.3 12.5 9.0 18.8 3.7 53.4 7.9 
Sudan grass series | 
I, Dee. 21 | 65.8 1.8 16.0 1.4 16.6 1.3 A ga 42.3 4.9 
Sudan grass series | 
II, Dee. 9 | 73.0 4.4 10.6 2.7 16.6 3.2 73.6 6.4 
Sudan grass series | 
IT, Dee. 25 | 66.9 8.1 9.5 1.7 22.6 4.1 = | 39.9 8.5 
(Petiole ) (Stem) (Fruit) 


Bean series IT | 69.2 8.3 65 1.7 163 $7 8.0 6.8 


*$.D.= standard deviation. 


primary shoots is a reflection of the fact that during the last two weeks of 
growth of both series the primary shoots were entering the reproductive 
phase of activity and hence were not producing any new leaf or stem tissue 
although the tillers continued to do so. That the concentrations of arsenic 
in the solutions or in the plants did not affect these distributions indicates 
that the arsenic suppressed the growth of the entire plant and not of any 
paricular morphological part. This suggests an interference with the 
functioning of some one or more of the fundamental processes of the plants. 

The distribution of arsenic is unaffected by either the period of growth 
in the solutions or the concentrations of arsenic in the solutions. Although 
both the nodes and leaves were previously observed to contain nearly the 
same concentrations of arsenic it may be seen in the table that approxi- 


mately two-thirds of all the arsenic entering the primary shoots of either 
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Sudan grass or bean is carried to the leaves whereas the nodes contain a 
relatively small portion of the total arsenic. 

The high concentrations of arsenic in the leaves and nodes are of interest 
because neither of these parts show any macroscopic signs of injury other 
than the initial desiccation of the leaf tips. When the nodes were split 
longitudinally for drying, both the nodal plate and nodal meristem were 
observed to be white and apparently healthy. Apparently the plants can 
in some manner render the arsenic inactive. The fact that the arsenic 
exerted a strong toxic action on the roots, which was expressed in one form 
as a discoloration, is not inconsistent with the above suggestion; after a 
period as short as one week in the solutions, relatively enormous concentra- 
tions of arsenic were found associated with the roots of Sudan grass. Thus, 
when the solution concentrations were 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16 
and 18 p.p.m. of As, the concentrations in or on the roots as p.p.m. As of dry 
weight were 338, 263, 390, 514, 655, 734, 903, 906, 1026, 1094, 1246, 1386, 
1059 and 1461. These concentrations are several times greater than the 
highest observed values in the leaves or nodes. 


SIGNIFICANCE OF THE ARSENIC CONTENTS OF THE PLANTS 


The magnitude of the concentrations of arsenic found in the plants is of 
importance both in relation to the physiology of the plant and with respect 
to the health of humans and livestock that could ingest such plants as food. 
A complete evaluation of their significance with reference to the latter point 
would require the consideration of at least the following factors: (1), the 
concentration of arsenic in the plant and in each of its parts; (2), the 
chemical state of the arsenic; (3), the magnitudes of the quantities of 
arsenic that may be considered deleterious to mammals; and (4), the poten- 
tiality for growth of plants that contain these magnitudes of arsenic. 

The Federal Food and Drugs Act limits the quantity of arsenic that may 
be present in foods as an adulterant to 0.01 grains per pound which is equal 
to 1.08 p.p.m. of As. Foods containing more than this content are subject 
to seizure. According to law none of the arsenic present in the plants being 
considered here is present as an adulterant. This limit does not mean that 
quantities of arsenic less than 1.08 p.p.m. are of no concern. MeEyErs et al. 
(19) have on several occasions pointed out the injurious effects of small 
amounts of arsenic in their relation to the public health. 

It is probable that all or part of the arsenic in the plants is tied up in 
organic molecules which may well affect its toxicity to mammals. A state- 
ment by Waite (28) of the U. S. Food and Drug Administration, made in 
relation to the natural arsenic content of marine products, is relevant : ‘‘ The 
data are given with the full recognition that the arsenic may (in the marine 


products) in some cases, be present in organic combinations which render it 
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somewhat less toxic than when in the form of lead, calcium, or other arsen- 
ates. It is doubtful, however, whether any toxicologist would assert that 
there is any published work to prove that the natural arsenic in marine and 
other foods is without any harmful effect.’’ This statement indicates that 
even the smallest quantities of arsenic in the plants are significant. The 
same reasoning applies to the effects of arsenic on livestock and to the réle 
of arsenic in meat food products. 

For the purpose of this report the tolerance limit of 1.08 p.p.m. of As 
will be used as a test of significance. The arsenic concentrations in bean 
and Sudan grass on the fresh and dry weight bases for representative collee- 
tions of plants are tabulated in tables IV, V, VI, and VII. Values italicized 
are in excess of the tolerance limit. These data show that: 


TABLE VII 


CONCENTRATIONS OF ARSENIC IN THE PLANT TOPS OF BEAN WHEN GROWN IN CULTURE SOLU- 
TIONS CONTAINING VARIOUS CONCENTRATIONS OF ARSENIC. DATA FROM BEAN SERIES I 


CULTURE 





CONCENTRATION | DRY WEIGHT FRESH WEIGHT YIELD 
p.p.m. p.p.m. p.p.m. % 
0.00 2.5 0.3 100 
0.25 3.6 0.5 58 
0.50 5.2 0.7 42 
0.75 3.9 0.5 26 
1.00 4.3 0.6 20 
2.00* 17.9* 2.4* 4* 
3.00* 27 .3* $.7* —6§* 
4.00* be 4.4* -l]* 
5.00* 35.7* 4.8* 0* 
6.00* 72.9* 9,8* -7* 
7.00* 99.5* 13.4* -3* 
8.00* 91.5* 12.4* -2* 
9.00* 100.6* 13.6* 6* 
10.00* 110.9* 15.0* 6* 


* These plants were immediately killed upon the addition of arsenic to the solutions 
as evidenced by the fact that they made no growth whatsoever. The negative values are 
caused by variation in the weights of the seedlings at the beginning of the treatment. 

t Values italicized are in excess of the tolerance limit. 

1. On the dry weight basis, all of the plants and each of their parts 
exceeded the limit with the exception of the fruit and stem of bean. Par- 
ticularly significant are the concentrations in those plants whose yield was 
not lowered by the arsenic. 

2. On the fresh weight basis, only the leaves of plants whose yield was 
unaffected by the arsenic exceeded the tolerance limit. Sudan grass plants 
whose yields were slightly decreased exceeded the tolerance limit in all eate- 
gories whereas a similar result obtains with bean only with an almost 
complete suppression of growth. 
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These results follow logically from the interaction of previously observed 
factors: (1), arsenic is accumulated in the plant tops in concentrations 
determined primarily by the concentrations in the nutrient solutions, irre- 
spective of the plant species; and (2), the toxicity of the arsenic to the 
plants is a function of the particular plant species, Sudan grass being some 
8 to 10 times more resistant than bean. Thus the more resistant species 
(Sudan grass) is able to grow under conditions conducive to higher concen- 
trations of arsenic within itself than is the more sensitive species (bean). 
For equal relative reductions in yield the more resistant species contains 
several times the concentration of arsenic in the sensitive species. Further- 
more, the leaves contain markedly higher concentrations of arsenic than 
the plant top as a whole, a factor of significance if they are to be used alone 
as food. 

Discussion 


In the introduction it was suggested that the gradual accumulation of 
arsenic in soils as a result of the extensive use of arsenicals for the control 
of insects and weeds was a possible source of arsenic in foods through its 
absorption by the plant. The data presented have demonstrated that ex- 
ceedingly minute quantities of arsenic in the nutrient medium give rise 
to concentrations of arsenic in the plant tissues that cannot be ignored. 
Although the toxicity of arsenic and its accumulation from a soil medium 
may differ substantially in both magnitude and nature from that observed 
here, arsenic in the soil must be considered as a source from which it can 
be absorbed in significant quantities by plants, until otherwise demon- 
strated. Certain combinations of plant, soil, and arsenical would seem to 
be particularly conducive to the development of high arsenic content plants. 

The two classes of arsenicals in general use today are the insoluble 
arsenates as insecticides and the soluble arsenites as herbicides. They differ 
in their effects on plants and in their histories in the soil. 

Pentavalent arsenic is decidedly less toxic than trivalent arsenic (3, 4, 
18). Whereas 10 p.p.m. of As in the form of sodium arsenite are lethal to 
tomato, the same plant can withstand over three times this concentration 
of arsenic in the form of sodium arsenate (15). Absorption may thus take 
place over a corespondingly wider range of concentrations of pentavalent 
arsenic than trivalent. 


In the soil, absorption of either form is restricted to the available arsenic 
which is presumably that in solution but may include part of the insoluble 
or fixed arsenic. RosENFELS and Crarts (23) have obtained data suggest- 
ing that part of the insoluble or fixed arsenic may be available to the plant. 
The available arsenic bears no direct relationship to the total arsenic of a soil 
because soils vary widely in the rate and degree of fixation of arsenic. The 
effect of the composition of the soil on the concentration of available arsenic 
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as measured by its toxicity to biological indicators has been studied for 
arsenites by CraFrts and his co-workers (8, 9, 10, 23), and for arsenates by 
Guz (13), Srewart and Smirn (24), Papen and his associates (7, 21), and 
others. These studies indicate that, in general, the heavier the soil the 
greater is its ability to fix the arsenic. Conversely, leaching of arsenic tends 
to be more rapid from lighter soils. An exception is the ferruginous soil type 
which has a very high fixation capacity for arsenic. 

When insoluble arsenates are added to the soil they are, of course, at first 
unavailable to the plant. Under the action of the soil solution, however, 
they are partially dissolved (24). As the total arsenic of the soil is in- 
creased by annual additions of the arsenical, the available fraction should 
increase. Because of their low fixation capacity, light soils would tend to 
become toxic with fewer applications of the ar’senical than would heavy 
soils. It is the lighter soils that have become unproductive in South Caro- 
lina (1) as a result of annual applications of calcium arsenate in the control 
of the cotton boll weevil. Leaching must obviously have taken place at a 
slower rate than had accumulation in this soil. Numerous soil analyses 
indicate that most of the added arsenicals are retained in the upper few 
inches (14, 17, 27). These insoluble arsenicals thus constitute a long-time 
reserve which, under the influence of the soil solution, is slowly made avail- 
able to the plant. 

The soluble arsenicals, upon addition to the soil, are immediately avail- 
able in high concentrations. More or less of the arsenical is then fixed to 
an extent and at a rate determined by the soil type. Two possible unde- 
sirable consequences may result from the use of herbicides: (1) an 
unusually heavy application may so increase the available arsenic content 
of the soil for a short time as to allow appreciable absorption and perhaps 
cause injury to the plants; (2) annual applications can build up a reserve 
of fixed arsenic which will function similarly to the insoluble arseniecals. 
If the fixation capacity of the soil is exhausted, then further application 
would be very potent until leached away. 

What appears to be an example of injury from the unrestricted use of a 
soluble arsenical was observed during the course of this investigation. An 
herbicide was applied to the underbrush of an orchard of macadamia nut 
trees at Honokaa, Hawaii. Sometime later some of the trees became sickly. 
It was noted that many of the roots of the trees were either exposed or very 
near to the surface of the soil. Samples of the roots of diseased and adja- 
cent healthy trees were obtained by first cutting away the surface layers. 
These and samples of the leaves were analyzed for arsenic with results as 
shown in table VIII. The roots of the diseased trees contained much higher 
concentrations of arsenic than did those of adjacent healthy ones. 

Because arsenicals tend to accumulate in the upper layer of the soil. 
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TABLE VIII 


CONCENTRATIONS OF ARSENIC (AS As,O,) IN THE ROOTS AND LEAVES OF DISEASED 
AND HEALTHY MACADAMIA NUT TREES* 











DISEASED TREES ADJACENT HEALTHY TREES 





TREE NO. Roots LEAVES TREE NO. | Roots LEAVES 
p-p.m. p.p.m. | p.p.m. | p.p.m. 
A-41-13 18.8 8.2 A-41-14 9.3 7.3 
A-16-31 29.2 24.1 A-16-32 1.3 5.7 
A-10-13 11.5 6.4 A-40-12 6.4 6.3 








* The samples were collected and the observations made by the Department of Soil 
Chemistry, University of Hawaii Experiment Station. 
shallow-rooted plants are most likely to accumulate arsenic, as well as to 
be injured by it. 

Finally, plants that are relatively resistant to arsenic poisoning are those 
capable of growing successfully and, at the same time, of accumulating 
excessive quantities of arsenic. Such plants would give no indication of 
their arsenic contents if they responded in a manner similar to bean and 
Sudan grass in nutrient cultures. It also follows from this investigation 
that plants which are predominantly leafy, such as spinach and lettuce, 
may attain very high concentrations of arsenic. 


Summary 

When Sudan grass (Sorghum vulgare var. sudanense) and bush bean 
(Phaseolus vulgaris var. humilis) were grown for varying lengths of time 
in nutrient solutions containing various concentrations of NaAsO., it was 
found that concentrations of arsenic up to 0.5 to 0.6 p.p.m. had no effect on 
the growth of either plant as measured by increases in dry weight. Growth 
was effectively suppressed, however, by concentrations of 1.2 and 12.0 p.p.m. 
of As for bean and Sudan grass, respectively. Addition of arsenic to the 
solutions caused an immediate plasmolysis of the roots and wilting of the 
leaves followed by discoloration of roots and necrosis of leaf tips and mar- 
gins, indicating that the arsenic effected a sudden decrease in the movement 
of water into the plants. 

The concentrations of arsenic in the plant tops and in each of their parts 
except the reproductive structures were found to be proportional to the 
concentrations in the nutrient solutions. The magnitudes of these concen- 
trations were more or less constant during the experimental periods, the 
longest of which was nine weeks. The leaves were highest, the stem tissues 
intermediate, and the reproductive structures lowest in concentration of 
arsenic. 


Within a narrow range of concentrations of arsenic in the nutrient 
medium both plants grew successfully ; but they contained concentrations of 
arsenic in their plant tops in excess of the tolerance limit (1.08 p.p.m. of As) 
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established by law for the arsenic content of foods. For equal relative re- 
ductions in yield the more resistant species (Sudan grass) contained several 
times the concentration of arsenic in the sensitive species (bean). 

Accumulated arsenical residues in soils as a result of insect and weed 
control practices are discussed as a source of arsenic contamination in foods 
through absorption by plants. 


Thanks are accorded to E. T. FuKanaga and 8. Oxuso of the University 
of Hawaii for assistance in constructing the analytical equipment and to 
Dr. C. P. Stperts and Dr. H. E. Cuark of the Pineapple Producers Coop- 
erative Association for supplying equipment. The writer is especially 
grateful to Dr. H. F. Clements for suggesting this problem and for his 
advice and criticism throughout the work here reported. 
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WATER UPTAKE AND ROOT GROWTH AS INFLUENCED BY 
INEQUALITIES IN THE CONCENTRATION OF THE 
SUBSTRATE 


FRANK M. EaTON 
(WITH FIVE FIGURES) 
Introduction 


When a number of solutions of unlike concentration are presented at one 
and the same time either to an established or to a developing root system, 
questions follow as to whether water is withdrawn as rapidly from the con- 
centrated as from the dilute regions and as to whether new roots extend 
themselves as readily in the regions of high salinity as in those of low 
salinity. The subject is of agronomic, as well as physiological, significance 
since the productivity of soils must be regarded as being contingent not only 
on their nutrient and water storage resources but also upon the readiness 
with which these resources can be utilized by plants. 

A substantial diversity is customarily found in the salt concentrations 
of the soil solution within the root zone of single plants growing on irrigated 
lands. The data of table I, which are presented as an illustration, represent 


TABLE I 


VARIABILITY OF CHLORIDE, SULPHATE, AND NITRATE CONCENTRATIONS ( MILLEQUIVALENTS 
PER LITER) IN DISPLACED SOIL SOLUTIONS OF A WELL-DRAINED BUT SPARINGLY 
IRRIGATED ORANGE ORCHARD IN THE SIERRA MADRE FOOTHILL AREA 
OF SOUTHERN CALIFORNIA. SAMPLES WERE COLLECTED 
ON THE NORTHWEST AND NORTHEAST SIDE 
OF EACH OF TWO TREES 





TREE 30, Row 22 TREE 36, Row 22 
DEPTH SO, Cl NO, SO, Cl NO, 
NW | NE | NW | NE | NW | NE NW | NE NW | NE | NW | NE 
ee Se Te L | | 
feet | m.e. m.ée. | m.eé. m.ée. | Mm.e. m.é. m.e. m.é. m.eé. m.e. m.é. | m.é. 
0-3 | 23 331 12 2.4) 4.5 5.0 9.1 2.1 1.6 1.1 2.3 2.0 
3- 6 11.8 | 36.6 1.8 25.2 0.9 4.8 53.3 40.3 13.1 12.1 9.6 8.1 
6-10 17.2 | 40.4 |} 4.2 81.6 4.1 10.5 43.5 $2.6 417.9 | 16.5 | 25.7 | 10.2 


analyses of displaced soil solutions from samples collected in a sparingly 
irrigated but relatively permeable and well drained orchard soil. Condue- 
tivity measurements made on the solutions displaced from the separate one- 
foot horizons before combining them for analyses showed a greater vari- 
ability than is here indicated ; the variability in more heavily irrigated soils, 
however, is usually lower than that found in this instance. All of the 
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samples were wetted to approximately the moisture equivalent before dis- 
placement. 

The experimental work here reported upon includes a series of tests 
conducted in water cultures with tomato and corn plants. The root systems 
of these plants were divided between solutions that differed in concentration 
and in the character of the added salts. The effects of the treatments were 
measured in terms of root growth and water uptake. 


Review of literature 


The review of literature that follows is confined to papers concerned 
primarily with the cross transfer of water and solutes in plants. The prob- 
lem under consideration, however, bears also upon broader fields of inquiry 
that concern some of the forces involved with water uptake and with some 
of those governing the growth of roots. 

Gite and Carrero (8) found the total amount of nitrogen or phosphorus 
absorbed by rice plants having half of their roots in complete nutrient solu- 
tion and half in solutions deficient in these elements was 76 per cent. of that 
of plants having all roots supplied with complete nutrient solution. In a 
subsequent paper (9) they reported a lesser growth of the portion of the 
root system of corn plants which extended into solutions deficient in nitro- 
gen, phosphorus, or potassium. Their solutions were all dilute (about 5 
m.e. of total bases per liter), so there could have been but little difference 
in osmotic concentrations. McMurrrey (14) using a similar technique, 
reported an unilateral development of the leaves of tobacco plants with roots 
divided between complete nutrient and element-deficient nutrient solutions. 
He mentioned, and one of his photographs shows, increased root growth 
when calcium (previously omitted) was added to one of the two solutions 
supplied to a single plant. 

AUCHTER (1) applied nitrate of soda on one side of field trees and con- 
eluded that under normal conditions mineral nutrients absorbed by roots 
on one side are translocated to and used by the trunk, limbs, and leaves above 
them and that foods manufactured by one side are used or stored on that side 
or translocated to the roots of the same side. The behavior of trees with half 
of their roots severed prompted the conclusion that water can move laterally 
in trees without much difficulty. Furr (7), finding the volume of lemon 
fruits to be independent of position over cut and uncut roots, also concluded 
that there was a ready cross-transfer of water throughout old lemon trees. 
AvcutTer and Scuraper (2), in experiments continued for two years, 
thought there was little if any cross transfer of carbohydrates from sun- 
exposed to cloth-enclosed sides of apple trees. MruLER (15), has reviewed a 
series of papers showing a tendency toward increased root development in 


fertilized portions of soils. CALDWELL (4) reports an asymmetric develop- 
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ment of the fleshy root of the Swede turnip when leaves were removed from 
one side. The roots below the defoliated side of Coleus plants (5) grew less 
than the roots under the foliated side. Experiments (1, 5) on plants with 
roots divided between rich soil and sand have added support to the foregoing 
conclusions. Nrxon' has found that date fruits on strands subtended below, 
and in line with, a notch cut in the fruit stalk that severed about 50 per cent. 
of the vascular system increased in dry matter during the summer ; this indi- 
cates some cross-transfer of manufactured foods from the unsevered to the 
severed side of the stalk. 
Methods 


Both corn and tomato plants were used for the experiments. The former 
was regarded a nearly ideal test plant since its vascularity is such as to 
largely preclude a unilateral development of the top or a differential accu- 
mulation of salt in the leaves of one side. It will be recalled that each leaf 
sheath of the corn plant encircles the stalk at the node from which it arises 
and that, owing to anastomoses, the nodal structures favor lateral distribu- 
tion of constituents rising or descending through the vascular system. Ana- 
tomical studies of the vascular system of the potato would imply that some 
lateral distribution of solutes rising or descending in tomato shoots is like- 
wise to be expected. 

Laequered rectangular metal cans with openings cut in one corner, or in 
the middle of one side of the top, large enough to admit a group of roots 
were used as culture vessels. These containers (figure 5) used in groups of 
two or four, were bound together in such a manner that portions of the 
root system of a single plant could be extended into each. Water was added 
to the cans through openings having screw caps. Gallon containers were 
used in experiments 1 and 2, and quart containers in the other experiments. 

The plants were grown to a height of 15 to 25 em. in nutrient solutions 
in preparation for experimental use and the separation of roots into groups. 
After dividing the roots into 2 or 4 equal groups, trimming when necessary, 
they were dusted heavily with carbon black to facilitate a differentiation at 
the end of the experimental period between the original roots and those 
subsequently developed. 

The plants were fastened in place with cork and cotton mountings, and 
the roots at the point of division were separated by cork wedges 1 em. tall 
that rested on the edges of the cans. Further, to make unlikely the move- 
ment of solution from one container to another by wick action, the levels of 
the solutions were not brought nearer than 1.5 em. to the tops of the con- 
tainers. A can with a similar opening was set up in conjunction with each 


experiment to measure direct evaporation. The loss from this container has 
been deducted from all results to give net water-uptake values. 
1R. W. NIxon, unpublished data. 
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The base nutrient solution contained calcium nitrate, potassium nitrate, 
magnesium sulphate and potassium dihydrogen phosphate in concentrations 
of 5, 5, 2 and 1 millimoles per liter respectively (HoaaLANnp’s solution). 
This solution was used in the foregoing concentration and in fractional and 
multiple concentration both alone and in conjunction with added chloride 
and sulphate salts. These latter salts were added 50 per cent. as m.e. of 
sodium, 25 per cent. as magnesium, and 25 per cent. as calcium. All solu- 
tions contained, in addition to the foregoing, 1 p.p.m. of boron, 0.2 p.p.m. of 
zine, and 0.5 p.p.m. of manganese. Iron was added in the form of tartrate 
or citrate as needed. 

The freezing point depressions, A° C, and electrical conductance, K x 10°, 
and other determinations of concentration on used solutions were always 
made after the containers had been restored to their initial weights by add- 
ing distilled water. Distilled water was added frequently throughout the ex- 
periments to replace transpiration losses. All of the experiments were con- 
ducted in a greenhouse. Only the fresh weights of roots are reported since 
the concentration of the solutions did not affect significantly the percentage 
of moisture in the roots in those instances (experiment 3) when both fresh 
and dry weights were measured. 


’ 


Results 


EFFECT OF UNILATERALLY SUPPLIED SALTS ON ROOT GROWTH AND 
WATER UPTAKE. EXPERIMENTs 1 TO 7 


In experiments 1 to 7, inclusive, the root systems of corn and tomato 
plants were divided between two or more solutions that differed in composi- 
tion and concentration. The results of these experiments (tables II to V) 
are alike in showing a greater water-uptake from, and a greater root growth 
in, the solutions of low concentration than in those of high concentration. 

In experiment 1 with corn (table II) nearly twice as great a weight of 
roots developed in a solution with a trace of chloride as in a solution with 
10 m.e.; little or no root growth resulted in solutions with 50 and 250 m.e. of 
chloride (fig. 1). The effect on water-uptake was also marked. The solution 
with 250 m.e. of chloride, if it were the only one supplied, would probably be 
too saline for the growth of corn plants. This relation would not hold for 50 
m.e. of chloride since corn plants on such solutions under similar conditions 
(6) made 62 per cent. as much total growth as in control solutions without 
chloride. The roots in the chloride solutions of those experiments were 
heavier relative to the weight of the shoots than in the control solutions. 

Chloride determinations (table II) on the solutions at the beginning and 
end of experiment 1 indicate some movement of chloride through the roots 
into the solution that started with a trace of chloride. 

In experiment 2, with a tomato plant, a significant reduction in water 
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Fig. 1. The differential development of new roots of a corn plant 22 days after the 
initial roots had been divided between vessels containing in addition to the base nutrient 
solution: a, trace; b, 10 m.e.; ¢, 50 m.e.; and d, 250 m.e. of chloride. The roots on the 
plants at the start of the experiment were dusted with carbon black. Experiment 1. 


uptake and a lesser development of roots resulted when the roots were sup- 
plied with 22.5 m.e. of chloride; the effects of 7.5 m.e. of chloride, however, 
were negligible (table I). In this as well as in subsequent experiments with 
tomatoes, the compact matting of the roots made it difficult to differentiate 
very accurately between the old and new ones. 
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TABLE Il 


Roots OF CORN AND TOMATO PLANTS DIVIDED BETWEEN FOUR SOLUTIONS WITH DIFFERENT 
CONCENTRATIONS OF CHLORIDE. EXPERIMENTS 1 AND 2 


























K x 10° CHLORIDE PER 
Cowr alan SOLUTION AT 25° C. LITER NEW WATER 
DESIGNATION ROOTS UPTAKE 
INITIAL END INITIAL END 
m.e. m.e. gm )6U%HlhCUmmMls. COG 
Experiment 1. Corn plant in base solution with added chloride. Duration 22 days 
A | Trace Cl | 220 | 210 | 010 | 214] 88 | 63 | 908 | 66 
B 10 m.e. Cl 320 | 2098 | 10.17 9.69 | 5.1 36 | 348 | 26 
Cc | 50 m.e. Cl 705 691 | 48.21 47.50 | 0.1 1 53 | 4 
D | 250 me. Cl | 2542 | 2486 | 254.0 | 2440 | 00 | 0| 55| 4 


Experiment 2. Tomato plant in base solution with added chloride. Duration 22 days 








A Trace Cl | 214 166 | 0.05 | 0.11 | 8.1* | 31 | 820 | 35 
B 75 me. Cl| 291 | 241 746 | 7.07 | 8.2* | 31 | 777 | 33 
C 22.5 me. Cl| 443 392 | 22.27 | 21.22 | 5.4 | 21 | 540 | 23 
D 75 me. Cl) 937 | 891 | 73.56 | 71.64) 44 | 17 | 215 | 9 





' 


* The new and old roots in these containers 
was impossible to differentiate very closely between them. 

All of the original solutions of experiment 2 contained 15 m.e. of nitrate 
and 6 m.e. of potassium per liter. Measurements made at the end of the test 
showed that the concentrations in containers A, B, C and D had been reduced 
to 10.7, 10.9, 11.6, and 13.8 m.e. of nitrate, dnd to 4.2, 4:7, 4.9, and 6.2 m.e. 
of potassium per liter, respectively. It is probable that the greater number 
of roots in the solutions of lower concentration had as much to do with the 


TABLE III 


CORN ROOTS DIVIDED BETWEEN 4 SOLUTIONS WITH THE BASE NUTRIENT AND DIFFERENT 
CONCENTRATIONS OF CHLORIDE. DURATION 28 DAYS. 
EXPERIMENT 3, DUPLICATE TESTS 

















| NEW SOLUTIONS | END | 
. = SOLUTION | SOLUTIONS NEW WATER 
CONTAINER DESIGNATION A | K x10" | Kxi10* | ROOTS UPTAKE 
| AT25°C. | ar25ec. | 
Cc. gm. % ml. % 
Plant no. 1 
A | Trace Cl 0.016 215 55.9 16.5 | 33 | 2291 | 39 
B | 10 me. Cl | 0.091 317 158.0 14.7 29 | 1941 33 
C | 20 me. Cl 0.123 420 280.0 11.6} 33 | 173 18 
D 40 m.e. Cl 0.180 619 504.0 7.3 | 15 706 | 10 
Plant no. 2 
A Trace Cl | 0.016 215 67.3 | 93 | 29 | 2062 | 37 
B 10 me. Cl 0.091 317 222.0 OT | i | 1790 | 32 
C | 20 me. Cl | 0.123 420 306.0 7.2 | 22 | 1090 | 18 
D 40 m.e. Cl 0.180 619 502.0 7.23 | 8 i 827 13 

















c, 
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greater uptake of these nutrient ions as did the lower concentrations of 
chloride, calcium, magnesium, and sodium. 

Experiment 3 (table III) included duplicate tests with corn grown in 
solutions containing, respectively, a trace, 10, 20, and 40 m.e. of chloride. 
The plants showed depressed root growth and lower water-uptake from the 
successively stronger solutions. A relatively greater effect on water uptake 
than on root growth resulted (fig. 2). 





Fig. 2. Roots of a corn plant divided between solutions with: a, trace; b, 10 m.e. 
20 m.e.; and d, 40 m.e. chloride. Plant 1, Experiment 3. 
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Experiments 4 and 5 were conducted for the purpose of determining if 
sulphate would have an effect similar to chloride on root growth and water 
uptake. The chloride and sulphate concentrations were selected to give 
roughly similar differences in the osmotic pressures of the solutions com- 


TABLE IV 


CORN PLANTS WITH ROOTS DIVIDED BETWEEN SOLUTIONS WITH ADDED CHLORIDE 
(EXPERIMENT 4), AND ADDED SULPHATE (EXPERIMENT 5) 


























ve NEW SOLUTION 
LUTION 2 
CONTAINER emeestareee - Kx10- NEW ROOTS WATER UPTAKE 
AT 25° C. 
°C. gm. % ml. % 


Experiment 4. Corn plant with roots in base nutrient with 2 chloride 




















concentrations. Duration 13 days 
l 
A 10 m.e. Cl 0.090 | 317 | 2.7 69 306 | 72 
B 25 m.e. Cl | 0.138 | 472 | 12 | 31 119 | 28 
| 
Experiment 5. Corn plant with roots in base nutrient with 2 sulphate 
concentrations. Duration 13 days 
A 20 m.e. SO, 0.097 359 3.6 78 294 68 
B 40 m.e. SO, 0.150 | 561 1.0 22 139 32 
pared. The resulting data (table IV) indicate no pronounced difference 


between the effects of chloride and sulphate salts at similar osmotic pressures. 


TABLE V 


CoRN AND TOMATOES WITH ROOTS DIVIDED BETWEEN 3 X BASE NUTRIENT AND 0.5 X BASE 
NUTRIENT WITH ADDED CHLORIDE. EXPERIMENTS 6 AND 7 








NEW SOLUTIONS 




















Zi ¥ SOLUTION ae m = 
CONTAINER snepewatton - K x10 NEW ROOTS WATER UPTAKE 
AT 25° C. 
°C. gm. % ml. % 
Experiment 6. Corn plant with roots in concentrated base nutrient and 
dilute base nutrient plus chloride. Duration 13 days 
A 3x base nutri- | 
ent | 0.157 | 583 | 18 |; SL | 146 | 54 
B 0.5x base nu- | | 
trient plus | 
50 me. Cl | 0.183 | 626 | 17 | 49 | 125 46 


| t J 








Experiment 7. Tomato plant with roots in concentrated base nutrient solution 
and dilute base nutrient solution plus chloride. Duration 17 days 








ent 0.167 599 41 | 45 435 53 
B 0.5x base nu- 


trient plus | 
50 me. Cl | 0.163 534 5.1 | 55 


A | 3x base nutri- 
| 
| 
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Experiments 6 and 7 (table V) were conducted to give further informa- 
tion on the question of whether the previously observed effects were the 
result of the action of specific ions or primarily reactions related to the 
total osmotic pressures of the solutions. In these experiments the behavior 
of corn and tomato plants was observed when their roots were divided be- 
tween two solutions similar with respect to osmotic pressure but unlike in 
that one was concentrated base nutrient and the other dilute nutrient plus 
enough chloride to produce a similar total concentration. The effects of the 
two solutions were much alike with both corn and tomato. This finding may 
warrant the conclusion that osmotic relations are primarily involved but, if 
so, the fact should not be overlooked that nitrate was the principal anion 

+] (45 m.e.) in the 3 x base nutrient. 


SEPARATION OF EFFECTS OF ROOT AREA AND OSMOTIC PRESSURE 
ON WATER UPTAKE 


At the beginning of each of the foregoing tests the number of roots in 
the several solutions of an experiment were nearly the same whereas by the 
end of the experiments there were more roots in the dilute than in the con- 
centrated solutions. Experiments 8 and 9 (table VI) were undertaken to 


TABLE VI 


DIFFERENTIATION OF EFFECTS OF NEW ROOT DEVELOPMENT AND OSMOTIC PRESSURES 
ON WATER UPTAKE. EXPERIMENTS 8 AND 9 





NEW SOLUTION 








SOLUTION 





CONTAINER s | NEW ns d IPT! 
DESIGNATION | A Kx10- | NEW ROOTS WATER UPTAKE 
AT 25° C. 
°C.” gm. % ml. % 


Experiment 8. Corn plant with roots in different concentrations of base 
nutrient solutions. Duration 13 days 


A 0.5 x base 





| | 
nutrient | 0.025 113 3.6 62 | 451 76 
B 3.0 x base 


nutrient | 0.153 581 | 22 | 38 | 146 24 








Experiment 9. Same as experiment 8 but positions of roots alternated 
between the two solutions every second day 





A | 0.5 x base 
nutrient | 0.025 113 319 65 
B 3.0 x base 


| nutrient | 0.153 580 171 35 





obtain an appraisal of the effects of solution concentration on water uptake 
that would be independent of number of roots. The first of these experi- 
ments (number 8) was conducted in the same manner as those that had pre- 
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ceded it; in experiment 9, however, the positions of the roots in the two 
solutions were reversed each second day; ‘.e., the roots in container A were 
placed in container B and vice versa. By thus alternating the two halves of 
the root system between the concentrated and dilute solutions it was possible 
to maintain essentially equal root areas in the two solutions throughout 
the experimental period. At the end of experiment 9 one group of roots 
weighed 32 and the other 36 grams; this is probably as close an agreement 
as could be expected when account is taken of the difficulties attached to 
dividing the roots of a plant at the beginning of a test period into two equal 
groups. 

A three-fold difference in water-uptake resulted in experiment 8 where 
the combined effects of differences in root area and in solution concentration 
were represented. In experiment 9, however, where essentially equal root 
areas were presented in each of the solutions, there was approximately a 
two-fold difference in water uptake. This latter result, which can be re- 
garded as representing the effect of solution concentration alone, will be 
considered further in the discussion and in figure 5. 


ROOTS DIVIDED BETWEEN NUTRIENT SOLUTIONS AND DISTILLED WATER 


In the three succeeding experiments, tables VII and VIII, the roots of 
corn and tomato plants were divided between distilled water and 2 x base 
nutrient. The situation thus created is obviously complex since it is well 
known that distilled water is injurious to plant roots. The question re- 
mained, nevertheless, as to whether the injury to roots would be of such a 
character as to lessen the rate of water uptake and also whether there would 
be enough movement of salts from the roots to the distilled water to permit 
some growth after several days had elapsed. 

TRUE (18) has traced the development of views on the causes of injurious 
effects of distilled water on root growth from the observations of early 
physiologists, who thought the absence of nutrients was responsible, through 
the period when the ill effects were attributed to metals derived from stills. 
From his own work with lupine seedlings (18), he concluded that a causal 
connection between loss of electrolytes by roots and their falling growth rate 
was almost certain. Injury was not prevented in his experiments when 
sugar or sodium chloride was added to the solutions to give osmotic pressures 
equal to that of Potomac River water used as a control. Calcium chloride 
prevented injury. TRUE, referring to work of TRUE and BARTLETT, points 
out that Canada field pea seedlings made a fairly healthy growth in distilled 
water despite the loss of considerable quantities of electrolytes to the outer 
solution. 

Hissarp (10) found that a slow process of adjustment or acclimatization 
to distilled water fitted Lupinus alba seedlings to better growth than 
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thrusting them directly into it. Finding that root growth was increased when 
the distilled water was changed 4 times daily, he concluded that the roots 
were injured because they secreted a substance toxic to themselves. ScartTH 
(17) found that boiling distilled water in silica vessels to expel carbon 
dioxide changed the pH from 5.5 to 7.1 and reduced the toxicity to Spiro- 
gyra. The tests were made in covered beakers but mention is not made that 
air or light was thereby excluded and the pH of the distilled water after the 
algae had been in it for some hours is not given. 

The water used in the present experiments was from a gas-heated 
BARNSTEAD still and it was stored in tin-lined copper tanks. It was not 
redistilled and it is not known to what extent the carbon black on the roots 
adsorbed traces of copper or other metals. 

As shown by table VII the roots of both corn and tomato made a better 


TABLE VII 


CORN AND TOMATOES WITH ROOTS DIVIDED BETWEEN DISTILLED WATER AND 2 X BASE 
NUTRIENT. EXPERIMENTS 10, 11, AND 12 


























NEW SOLUTIONS 
SOLUTION ehite TOTAL 
ConTAINER DESIGNATION A K x 10° NEw RooTS WATER UPTAKE 
ar 25° C, | 
°C. gm. % ml. % 
Experiment 10. Two corn plants. Duration 34 days 
A Distilled | | 
water 45 4.3 11 588 12 
B | 2x base | | 
nutrient | 0.113 | 413.00 | 34.0 89 | 4126 | 88 


Experiment 11. Two tomato plants. Duration 17 days. Stems not split 








A Distilled 


| | | 
water ' 45 10.3 38 1175 42 
B 2 x base | 
nutrient 0.113 | 413.00 16.7 62 1605 | 58 








Experiment 12. Two tomato plants. Duration 34 days. Stems split up about 5 em. 


A | Distilled 
water | 45 3.8 9 2886 | 30 
B | 2x base 
| nutrient =| 0.113 | 413.00 | 39.0 91 6647 | 70 


| 





growth in the nutrient solution than in the distilled water and for the full 
duration of the experiment more water was taken up from the solution of 
higher concentration. During the first days of all three experiments, how- 
ever, relatively more water was removed from the distilled water vessels 
(table VIII) than from 2x base nutrient; thus indicating that the injury 
to the roots—whatever its cause or character—did not prevent what was 
apparently a normal uptake of water. Later, when new and actively grow- 
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Fig. 3. Corn roots. a, in distilled water; b, in 2x base nutrient. 


ing roots had developed in the containers with nutrient solution, the rate 
of uptake from the nutrient solution exceeded that from the distilled water. 
The original roots constituted a greater proportion of final roots in these 
tomato experiments than in the corn experiment and relatively more water 
was taken up from the distilled water by the tomatoes than by corn (figs. 
3 and 4). 


There is substantial evidence (table VIII) in each of these three experi- 
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TABLE VIII 


WATER UPTAKE BY PERIODS AND CONDUCTANCE OF USED SOLUTIONS AT END OF 
PERIODS. EXPERIMENTS 10, 11, AND 12 








CONDUCTANCES OF SOLU- 











Con SOLUTION WATER USE BY PERIODS 
ON- DESIG- TIONS REMOVED 
TAINER 
shane 0to3* | Oto10 |11to17|18to34| 10th | 17th | 34th 
ml, ml. ml. ml. 
Experiment 10. Corn 
A Distilled | | | 
water 90 | 14 | 79 364 9.22 | 0.99 1.32 
B 2 x base 
nutrient | 40 167 | 470 3489 356.00 | 305.00 | 296.00t 
Experiment 11. Tomato 
A | Distilled 
water | 190 590 585 | | 664) 0.96 
B 2 x base 
nutrient | 140 | 750 855 | | 225.00 | 202.00 





Experiment 12. Tomato 


A Distilled 


| water 190 | 405 595 1886 10.70 | 1.56 | 6.85 
B | 2x base 
nutrient | 90 345 918 | 5384 | 350.00 | 205.00 | 232.90t 


* Approximate since solutions were not removed from containers for measurement. 
t This solution renewed on 31st day—conductance not recorded. 


ments indicating the movement of solutes from the roots into the distilled 
water ; the nature of the electrolyte so moved, however, was not determined. 
A conductance of 10 x 10°, such as was observed in the first period of both 
experiments 10 and 12, corresponds to about 1 m.e. of cations per liter. 


Discussion and conclusions 


WATER RELATIONS 

Experiment 9 provides a suitable basis for discussion of the effect of 
solution concentrations on water uptake by divided root systems. It was 
found that 1.86 ml. of water was withdrawn from the nutrient solution with 
an osmotic pressure of 0.3 atm. for each 1 ml. of water withdrawn from the 
nutrient solution with an osmotic pressure of 1.8 atm. Inasmuch as the 
characteristies of the two halves of the root system remained equal through- 
out the test it may be possible to estimate the magnitude of a maintained 
tension in the water in the base of the shoot that would be necessary to 
satisfy both of the two pairs of values (table VI, fig. 5). 

The forces peculiar to living cells and tissue are neglected in the ealeula- 
tions that follow and it becomes of interest for this reason to consider to 
what extent such omissions are justified. Guttation is believed in some 
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Fic. 4. Tomato roots. a, in distilled water; b, in 2x base nutrient. 


instances to represent glandular action; Mason and Puius (13) have 
shown that the osmotic pressures of protoplasmic saps are greatly in excess 
of vacuolar saps. This suggests that forces originating through respiratory 
activity of protoplasm may be important in the secretion of dilute solutions ; 
even possibly of those passing from the root cortex into the xylem. Evi- 
dence from experiments by KrRAMeEr (12) and others, however, support the 
view that forces arising from metabolic activity of root cells that tend to 
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move water into and through roots is negligible or quite secondary to forces 
created as a result of transpiration. It is the writer’s opinion that exuda- 
tion from decapitated plants (and exudation does not always occur) repre- 
sents in large measure water movement brought about by the osmotic pres- 
sure of the tracheal sap when it is in excess of the sum of the osmotic pres- 
sure of the soil solution and capillary forces of the soil. In an intact plant 
even this foree is of doubtful significance, except possibly during the re- 
covery of turgidity, since the osmotic pressures in the foliar cells are greater 
than those of tracheal saps. The movement of water to leaves during trans- 
piration (and after transpiration before turgidity has again been estab- 
lished ) can be looked upon most logically as being the result of osmotic forces 
in excess of the inwardly directed force: exerted by cell walls. Plant roots 
can not be likened either to cylindrical t: »es or to a porous medium such as 
soil. It is still probable, however, that the movement of water through roots 
obeys the law that has been found to hold in these other materials. 








P = 3.55 atm. 
(computed tension) 














UPTAKE Q = 
1.0 ml. (relative) 


UPTAKE Q = 
1.86 ml. (relative) 























eh P, = “ atm. > —* P) = 1-8 atm | 


Ls 


Fig. 5. Experiment 9. Water uptake, osmotic pressure, and tension relationships. 




















The flow of liquids through cylindrical tubes and through porous media 
has been found by PotseumLEe and Darcy, respectively, to be directly pro- 
portional to the difference in the hydraulic head of the liquid. For an 
approximate solution to the present problem, the most reasonable assump- 
tion we can make is that a similar relation holds for the transport of liquids 
through the conducting tissue of the plant. On the basis of this assumption 
and under present conditions where the gravity force is negligible com- 
pared with the pressure gradient force, one may write 


Q=K (P-P,) 
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where Q is the volume of flow in unit time, and P — P, is the difference in 
the pressure between the liquid in the conducting system and the liquid 
surrounding the roots. It is further assumed that osmotie and hydrostatic 
pressure differences are equally effective in producing the flow. The single 
value for the tension, P, of the water in the base of the shoot that satisfies 
both sets of water uptake and osmotic values is 3.55 atm. This value was 
obtained by substituting the two sets of experimental data in the above 
equation to obtain 1.86=K (P-—0.3) and 10=K (P-—1.8). Solving these 
equations simultaneously gives P = 3.55 atmospheres. 

The foregoing value is necessarily an average one just as the water up- 
take values were the average of day and night uptake over the period of the 
experiment. With high transpiration rates the tension in the stem would 
become large, whereas at night as the plant regained full turgidity the 
tension would approach zero or become a positive hydrostatic pressure. 
From these relations it follows that as the tension increased the differences 
in the rate of uptake from the two solutions would narrow. wn the fore- 
going basis, a tension of 10 atm. should produce an uptake of 1.15 ml. from 
the dilute solution for each 1 ml. uptake from the concentrated solution. 
As the tension fell to approach the value 1.8 atm., water would be with- 
drawn only from the dilute solution. Theoretically, at yet lower tensions 
there should be a movement of water through the roots from the dilute to 
the concentrated solution. It was not determined if this was the case, but 
BREAZEALE (3) has reported such flow through roots from moist soils into 
dry soils. The tension on the moisture of soils in the wilting range is about 
16 atm., and according to recent experimental data by L. A. RicHarps the 
soil moisture tension at the moisture equivalent is about 0.5 atmospheres. 
It is of some interest to note at this point that Kearney (11) found salts to 
have no effect on the wilting coefficient. This implies that if salts in the 
soil solution affect the tension between soil and plant there is some compen- 
sating effect within the plant. 

It has been repeatedly found that the water requirements of plants on 
single solutions high in nutrient, chloride, or sulphate salts tend to be sub- 
stantially lower than those of control plants. It has seemed more reason- 
able to attribute this to reduced transpiration rates resulting from salt 
effects within the leaves than to reductions in the osmotic differentials 
between the leaves and substrate. 


Root DEVELOPMENT 


The greater development of roots in the dilute than in the concentrated 
solutions (distilled water experiments as exceptions) might be attributed: 
(1), to conditions unfavorable to root growth in the concentrated solutions ; 
(2), to conditions particularly favorable to root growth in the dilute solu- 
tions; or (3), to factors within the roots that caused more of the organic 
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solutes translocated downward through the stem either to move into the 
dilute-solution roots or, having moved in, to be elaborated into tissue more 
rapidly. Either of these latter explanations would imply that the total 
growth of the root system as a whole had not been affected. 

The fact that chloride, sulphate, and concentrated nutrient salts had 
similar effects would tend to discount the view that the concentrated solu- 
tions were especially unfavorable for root growth if all of the roots had been 
in one or the other kind of solution. It was noted in connection with experi- 
ment 1, where there was only a negligible root growth in the solution with 
50 m.e. of chloride, that in other experiments with corn the roots of plants 
with all roots in 50 m.e. of chloride constituted a greater proportion of the 
weight of entire plants than was the case with plants growing with all roots 
in control solutions. In experiment 3 no appreciable difference was found in 
the moisture content of roots in the dilute and concentrated solutions. 

In the absence of measurements on the distribution and concentrations 
of carbohyerates and salts in the two sets of roots of any experiment, discus- 
sion cannot be extended to the pertinent question of whether salt accumula- 
tions in the root tissues in the concentrated solutions tended to deflect the 
movement of organic materials from the shoots into the roots growing in 
the dilute solutions. A reason for a more rapid elaboration of synthesized 
products into cell structure in the roots containing less salt is not evident 
but the possibility that such was the case remains. A more rapid utilization 
of these materials by the dilute-solution roots would tend to establish more 
favorable translocation gradients to them. 

As a final consideration some attention may be given to relations between 
the turgor pressures of roots and root growth. Cell growth by enlargement 
must be related to turgor pressure but one might question the extent to~ 
which the laying down of wall materials would be similarly influenced. 
Roserts (16) found the concentration of the cell sap of root hairs of radish 
growth in a series of 0.02 M to 0.65 M sucrose solutions to increase with the 
concentration of the external medium and maintain osmotic pressures 4 to 6 
atm. above it. As further evidence of the adjustment of the plant to its 
substrate Eaton (6) has presented the results of cryoscopic measurements 
on the expressed sap of a series of crop plants grown on saline solutions. 
The expressed sap of leaves of tomatoes, from the same seed stock as the 
present plants, when grown in out-of-doors sand cultures maintained 
osmotic differentials of 9.4, 8.9, 8.8, 9.5, 9.3, and 9.3 atm., respectively, above 
nutrient solutions as follows: control, plus 50 and 150 m.e. chloride, and 
plus 50, 150, and 250 m.e. sulphate. With this indication that the osmotic 
differentials between the root cells or leaves of a plant and its substrate are 
not greatly changed, within reasonable limits, by solutes added to the sub- 
strate, any conclusion with respect to disadvantages in water relations of 
the saline roots would have to be arrived at on some other basis. Otherwise, 
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one might reason that since accumulation ratios are relatively high when 
plants are on dilute media and low when on concentrated media, that higher 
turgor pressures would exist in the dilute-solution roots than in the concen- 
trated-solution roots. In other words, whatever the cause of the lesser root 
growth in the concentrated solutions may be, it is not reasonable to assign 
the cause to lack of turgor in the cells of the concentrated-solution roots. 


AGRONOMIC ASPECTS 

Prominent among the factors that tend to create differences in the con- 
centration of the soil solution from point to point in irrigated soils there are 
especially to be mentioned: (1), variations in the permeability of proxi- 
mately situated soil zones, even though of similar texture; and (2), the 
usually greater uptake by the plant of water than of salt, thereby increasing 
the concentration of the soil solution. The first-mentioned consideration 
gives rise to much lateral diversity since the less permeable zones are not 
leached as effectively as the permeable zones. The second consideration is 
largely responsible for the pronounced tendency for salt concentrations to 
increase with depth. The portion of a soil solution that is residual from a 
particular irrigation tends to be displaced downward in successive steps by 
successive irrigations and rains; thus the unused fraction ultimately lies 
deep in the root zone with a greatly reduced volume but still containing 
much of its initial salt. 

Among other factors that influence both the average concentration of 
the soil solution as well as variations within the root zone, there are to be 
mentioned such considerations as the quality of the irrigation water, the 
extent to which water is used in excess of crop needs to promote leaching of 
the salts from the root zone, the amount of rainfall, methods of applying 
water to the land, and subsoil drainage conditions. Salt impregnated 
layers of clay as well as saline water tables are sometimes the source of salt 
brought into the upper root zone with rising moisture. 

Both lateral and vertical diversity were illustrated in table I. As fea- 
tures pertinent to that example, it is to be noted that it had been the owner’s 
policy to apply only sufficient irrigation water to maintain the trees from 
one irrigation to the next. Since the rainfall over a period of years prior to 
the collection of those samples had been subnormal there had been little 
recent leaching of the lower root zone. After two winters with leaching 
rains a much more uniform salt distribution was found. The irrigation 
water was of good quality containing but 0.29 m.e. of sulphate and 0.48 m.e 
of chloride per liter. The soil samples were collected from beneath the 
irrigation furrows nearest the trees. 


Summary 
Corn and tomato plants were grown with their roots divided between 
two or more solutions of unequal concentration. They developed more 
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roots in the dilute than in the concentrated solutions and the water uptake 
from the former exceeded that from the latter. The foregoing was found 
irrespective of whether the differences in concentration were affected by the 
addition to the base nutrient of chloride, sulphate, or additional nutrient 
salts. Little difference in water uptake or in root growth resulted in solu- 
tions of similar osmotic pressure when one was high in chloride and the 
other in complete nutrient salts. These findings indicate that osmotic pres- 
sures, rather than specific ion effects, are primarily involved. 

With an equal growth of the two halves a divided root system accom- 
plished by alternating their positions each second day between dilute and 
concentrated nutrient solutions (0.3 and 1.8 atm.), 1.86 ml. of water was 
taken up from the dilute solution for each 1 ml. of water from the concen- 
trated solution. A value of 3.55 atm. for the tension in the water of the 
stalk was found by calculation to satisfy these two sets of values on the basis 
of a first assumption that the observed water uptake by the two halves of 
this root system should be proportional to the difference in the osmotie pres- 
sure in the solutions and the tension in the water in the stem. This value 
is of course an average one and the data are discussed accordingly. 

In an experiment parallel with the foregoing one, the two portions of 
the root system remained throughout in the solutions in which they were 
started. The new roots developed in the dilute solution weighed 1.6 times 
as much as those in concentrated solution and 76 per cent. of the total water 
taken up by the plant was from the dilute solution. 

Roots divided between distilled water and concentrated nutrient made 
more growth in the latter. Almost twice as much water was withdrawn 
from the distilled water vessels during the first three days of the experiment 
as from the nutrient solution but this was later reversed. 

The investigations were undertaken as a means of appraising the effects 
of the variability in the concentration of the soil solution often found within 
the root zone of plants growing on irrigated lands. When soils are perme- 
able and extensively leached this variability may be slight but under other 
circumstances it may be great. An example is presented of the situation 
found in a permeable but lightly irrigated orchard soil wherein 15- to 
60-fold variations in the concentrations of sulphate and chloride, respee- 
tively, were found within the root zone of single trees. 

The writer acknowledges with appreciation the assistance of G. Y. Buair 
in this investigation. 
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INFLUENCE OF SOIL MOISTURE ON PHOTOSYNTHESIS, 
RESPIRATION, AND TRANSPIRATION OF 
APPLE LEAVES' 


G. WILLIAM SCHNEIDER AND N. F. CHILDERS 


(WITH THREE FIGURES) 


Introduction 


A deficiency of water under natural and even cultural conditions is 
probably responsible for the poor growth and death of more plants than 
diseases, insects, or any other cause. Although it is possible to see with the 
naked eye how and when a plant responds to low water supply, it is of 
interest to know the extent to which a drying soil affects metabolic processes 
before and during the time wilting is visible. It is of interest also to know 
whether a wilted plant recovers immediately in leaf activity when water has 
been supplied to the soil, or if normal activity is delayed or never again at- 
tained. The results presented in this paper trace the daily effect of a 
gradually drying soil on apparent photosynthesis, respiration, and transpira- 
tion of small apple trees as the soil in which they were growing gradually 
dried to approximately the wilting percentage, after which it was watered 
to field capacity. 

Methods 


ENVIRONMENT-CONTROL CHAMBER EXPERIMENTS 


In the Horticulture and Forestry Building, Ohio State University, a large 
insulated chamber (6) seven by eight by eight feet high, inside dimensions, 
has been constructed for the purpose of controlling light, temperature, and 
relative humidity while leaf metabolism tests are being made. At the time 
of these experiments no effort was made to control the amount of carbon 
dioxide in the air. The air replacing that removed by the pump was drawn 
from the outside of the building. Carbon dioxide in the air usually aver- 
aged about 15 to 17 milligrams per cubic foot, corrected to standard tem- 
perature and pressure. 

The apparatus used and the procedure followed to determine the carbon 
dioxide exchange was similar to that previously described by HErmNicKE (9) 
and HEINIcKE and HorrmMan (11) except that a mercury piston air pump? 
was used to draw the air over the leaves. This method measures the amount 
of carbon dioxide absorbed by the leaf and is therefore a measure of appar- 
ent photosynthesis and not actual photosynthesis. Thus whenever the term 

1 This paper has been published in abstract elsewhere (7). 

2 Thanks are expressed to Dr. A. J. HEINICKE, Cornell University, who devised the 
pump and granted us special permission to use it in our experiments. 
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photosynthesis is used in this paper it should be considered as meaning 
apparent photosynthesis. 

The Stayman and McIntosh apple trees used in the chamber experiments 
were two years old and growing in five- and ten-gallon glazed stone crocks. 
The soil in these containers had a moisture equivalent of 36.4 per cent. and 
a wilting percentage of 15. 2 (determined by analyzing the soil after dwarf 
sunflowers had grown in it to about 10 inches in height, then allowed to 
wilt). The trees had been cut back to 8-inch stubs when set in the green- 
house in December, 1938, and one vigorous shoot was allowed to grow from 
each stub. Six leaves were selected for study on the check tree and six on 
the test tree, all of which were evenly spaced around the three- to four-foot 
shoots. Terminal buds did not form on any of the test trees during periods 
of experimentation. 

Daily determinations started at 11:00 a.m. and were run for three hours, 
immediately after which several respiration determinations were made at 
times specified later. To make a respiration determination the lights were 
turned off and an office heating cone, which had been attached to an oscil- 
lating fan, was turned on to help maintain with the cooling system a constant 
temperature level. 

The entire bank of lights was usually turned on about 7:45 A.m. each 
morning. They were turned off between 5:00 and 6:00 P.M. since earlier 
tests have indicated that small apple trees should receive equal amounts of 
light each day if a fairly consistent relationship in leaf activity from one day 
to the next is maintained between two trees. 

Transpiration was measured by a method similar to one described pre- 
viously (10). The system consisted of several Freshman bottles (2 inches 
in diameter by 43 inches high, one for each leaf and air-check line) which 
contained ground pumice stone impregnated with sulphurie acid. The acid 
efficiently removed water vapor from air flowing through 9-mm. glass tubing 
at the rate of three to four cubic feet per hour, and did not interfere with 
the carbon dioxide to be removed later in the absorption towers. After each 
determination the rubber stoppers, with glass attachments and metal num- 
bers, were removed from the bottles which, in turn, were placed in a drying 
oven at about 160° C. After 24 hours the bottles were removed and allowed 
to cool to air temperature, stoppered, and held ready for the next run. 
These bottles could be used for a month or more until the absorption medium 
beeame somewhat weak and it was necessary to impregnate the stones again 
with sulphuric acid. The common laboratory procedure for preparing these 
stones was essentially as follows: Place pumice stones about the size of peas 


in an evaporating dish or casserole and cover with concentrated sulphuric 
acid. Place on a hot plate and heat until dense white fumes appear, then 
continue the heating for one-half hour. Allow to cool and drain off all of 
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the acid. Again heat the pumice until heavy white fumes of sulphur tri- 
oxide are given off. At the end of this heating, there should be no excess of 
sulphurie acid present. Cool in a desiccator and store in stoppered glass 
containers. 

GENERAL PROCEDURE 


The general procedure employed for the water deficiency experiments 
was essentially as follows: Determinations of apparent photosynthesis, 
transpiration and, in some cases, respiration were made from three to five 
days before the dry period began in order to establish a relationship in leaf 
activity between the group of leaves to be used as test leaves and those to 
remain as controls. When a consistent relationship had been established, 
the test tree ceased to receive water while the check, or control, tree received 
it daily in order to keep the soil at approximately the field capacity. Daily 
determinations were continued until the test plant had reached the incipient 
or permanent wilting stage (as specified later) when the soil was again 
watered to field capacity and the runs continued for 7 to 10 days. Stomatal 
observations were made either by removing small sections one centimeter 
square from neighboring leaves on the shoot and immediately inspecting 
them under the microscope, or by observing the inverted intact leaf through 
a mounted microscope. 


FIELD EXPERIMENTS 

The assembly of carbon dioxide absorption towers, electric air pump 
(instead of mereury piston pump), and wet test meter were located in the 
greenhouse and connected by glass tubing to individual leaves on two Stay- 
man apple trees. The trees were growing in five-gallon glazed stone crocks 
outside the greenhouse where they were fully exposed to the sun. Soil 
surrounding their root systems had a moisture equivalent of 38.4 per cent. 
and a wilting percentage of 15.55. Leaf cups were attached to six leaves on 
the test plant and to four leaves on the check while two of the air lines were 
reserved to determine the amount of carbon dioxide in air before it reached 
the leaves. Leaves selected on each tree were evenly distributed up and 
down and around the four- to five-foot shoots. Two four-hour determina- 
tions were usually made each day, the first beginning about 7:00 a.m. and 
the second about 11:30a.m. Light and temperature readings were recorded 
at the beginning, middle, and end of each run with a Weston illuminometer 
and a Fahrenheit dairy thermometer. 


Results 
ENVIRON MENT-CONTROL CHAMBER 


Four experiments were performed in the environment-control chamber. 


In the first test only apparent photosynthesis determinations were made; in 
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the second and third experiments apparent photosynthesis, respiration, and 
transpiration data were recorded ; in the fourth only respiration was studied. 

EXPERIMENT [I (APPARENT PHOTOSYNTHESIS).—The trees used in this 
experiment were of the McIntosh variety; tree A was the check and tree B 
the test plant. During each determination the temperature was held at 
80° F., and light intensity was constant at an average of about 4000 foot 
candles for all leaves concerned. Relative humidity was approximately 30 
per cent. during the light period. A relationship between the photosynthetic 
activity of trees A and B was established in the eight-day period from 
February 14 to February 21. The data in table I show the daily rate of 
apparent photosynthesis in milligrams of carbon dioxide absorbed per 100 
square centimeters of leaf surface per hour, before and after the dry period. 
The test tree, B, received its last watering the night of February 20, while 
the check tree, A, received it daily throughout the experiment. The leaf re- 
lationship during the standardization period showed that for every 100 
milligrams of carbon dioxide assimilated by the check plant the test plant 
utilized 128.9 milligrams. Thus, the expected rate of the test plant was 
128.9 per cent. of the check (see foot-note in table I for explanation of figures 
termed expected rate and percentage expected rate). During the first four 
days of the dry period from February 22 to 25, the test plant showed an 
average increase in carbon dioxide assimilation of about three per cent. 
above its rate previous to the treatment. From February 25 until March 
3 there was a gradual decrease in the rate of photosynthesis of tree B from 
101 to 76 per cent. of the expected rate. At no time during this period did 
the test tree show signs of wilting, even by late afternoon when the lights 
were usually turned off. On March 4 there was a sharp reduction in photo- 
synthesis, to 46 per cent. of the expected rate; no wilting was evident, how- 
ever, until about three hours following the determination when the leaves 
appeared to be slightly flaccid. The next day, March 5, the test tree was 
fairly turgid at the start of the run but was wilted at the end of the determi- 
nation, with the top leaves showing the greatest effect of water deficiency. 
The entire tree showed signs of wilting on the following morning of March 
6 when the lights were turned on. The soil continued drying until March 11 
when assimilation had gradually fallen to around 14 per cent. of the expected 
rate. Stomata on the test tree appeared to be closed continuously during the 
period of wilting, including the mornings before determinations were started. 


It is interesting to note that fairly good values for photosynthesis were ob- 
tained when the leaves were somewhat wilted and the stomata appeared to 
be closed. On March 11, about two hours before the determination, water 
was added to the dry plant and by starting time the tree had almost re- 
covered to complete turgidity. Within another hour the stomata were al- 
most as far open as were those on the check leaves (75 to 100 per cent.). 
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SCHNEIDER AND CHILDERS: 


EFFECT OF SOIL MOISTURE ON THE RATE OF PHOTOSYNTHESIS OF McINTOSH 


INFLUENCE OF SOIL 


TABLE I 


EXPERIMENT I, TEMPERATURE 80° F. 





Date, 1939 . 
CONTROL 
mg 
Feb. 14 31.4 
15 ; 26.8 
16 21.7 
17 23.0 
18 12.9 
19 17.6 
20* 15.4 
21 19.7 
Average 21.1 
22 | 11.2 
23 | 15.2 
24 11.8 
25 | 12.5 
26 18.9 
27 14.0 
Mar. 1 7.6 
2 12.4 
3 15.7 
4 8.7 
5 20.8 
6 13.6 
7 9.1 
8 15.9 
9 9.2 
10 12.4 
llt 10.3 
12 10.3 
13 12.2 
16 10.0 
17 10.5 
18 16.0 
19 11.1 
20) 8.6 
2?) 10.5 
22 15.9 
23 7.9 
24 11.9 
25 12.6 


* The test plant last received water on the evening of February 20. 
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APPARENT VALUES OF PHOTOSYNTHESIS 
in CO,/100 


Cm?/Hr. 
TEST 


mg. 
37.7 
29.6 
30.3 
33.0 
15.2 
26.1 
24.4 
21.6 
27.2 
15.0 
20.1 
16. 
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19. 
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APPLE LEAVES, 


EXPECTED RATE 


OF 


TEST TREE 


%o 


128.9} 


103.9$ 
102.6 
105.1 
101.2 
78.4 
61.4 
76.5 
76.3 
76.1 
44.6 
49.7 
30.8 
46.0 
11.2 
18.5 
13.8 
66.3 
64.0 
104.9 
115.6 
101.2 
98.9 
104.1 
98.3 
114.5 
87.4 
84.5 
90.0 
87.4 


+ Test plant watered to field capacity of the soil two hours before determination was 


made. 


+ Obtained by dividing the average apparent photosynthetic value (27.2) for the test 
tree by the average value (21.1) for the check tree and multiplying by 100. 
§ Obtained by dividing the daily rate of photosynthesis of the test tree (15.0) by 


the daily rate of photosynthesis of the check plant 


dividing the product by 128.9. 


** Test tree showed first signs wilting two hours after run. 


(11.2), multiplying by 


100 


and 
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Assimilation during this run recovered to 66 per cent. of its expected rate 
and within 48 hours had returned to its original status. 

From March 11 to 15 the test tree was watered daily and then allowed to 
dry again. During the six-day period which followed March 15, apparent 
photosynthesis of the test plant averaged 105.4 per cent. of its expected rate; 
or, in other words, it showed a 5 per cent. increase which corresponded with 
the average 3 per cent. increase obtained at the beginning of the first dry 
period from February 22 to 25. Beginning with March 22, however, photo- 
synthetic activity began to decrease at a rate similar to the first test. The 
experiment was discontinued. 


EXPERIMENT IT (APPARENT PHOTOSYNTHESIS, RESPIRATION, AND TRANSPIRA- 
TION ).—Stayman Winesap trees were used in this experiment. Tempera- 
ture in the chamber during each determination was constant at 90° F. and 
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Fie, 1. The influence of a gradually drying soil on apparent photosynthesis and 
transpiration of apple leaves. The test tree was last given water the evening of April 1. 
First wilting occurred the afternoon of April 10; soil was watered to field capacity two 


hours before the determination on April 16 (experiment IT 
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light averaged approximately 4000 foot candles for the six test and six 
check leaves. These factors did not vary during the nine-hour day from 
8:00 a.m. to 5:00 p.m. At other hours of the day the lights were turned 
off and the plants remained at room temperature which was about 75° F. 
Data for this experiment are presented in table II and graphically shown 


TABLE II 


INFLUENCE OF SOIL MOISTURE ON PHOTOSYNTHESIS, RESPIRATION, AND TRANSPIRATION OF 
STAYMAN APPLE LEAVES. EXPERIMENT II, TEMPERATURE 90° F. 


APPARENT VALUES PER HOUR PER 100 cM? 
(aes EXPECTED RATE OF 
DATE, ASSIMILATION | TRANSPIRATION | RESPIRATION TEST TREE* 
1939s co, H.O co, 
| Controt | Test | Conrrot | Test | Conrron| Test | Assim. | TRANSP. 
| mg. mg. gm. gm. mg. mg. % % 
Mar. 27 | 28.1 | 26.7 1.9 2.0 
28 14.1 20.1 
ok: ae) 97.1 3.2 3.4 
ae ie 30.7 2.9 3.7 
31 19.4 25.9 2.7 3.6 
Apr. 1t | 178 | 22.8 3.5 3.7 
2 16.2 | 22.1 3.3 3.9 
Average | 17.9 | 23.6 2.9 3.4 131.8 117.2 
4 13.0 | 18.2 3.4 3.4 3.6 2.0 106.2 85.3 
5 15.7 | 19.8 3.8 3.6 95.6 80.8 
6 20.5 | 248 3.9 3.8 7.0 6.0 91.7 83.1 
7 18.4 | 213 3.2 2.4 87.8 64.0 
8 18.5 | 22.0 2.8 2.0 90.2 60.9 
9 17.1 | 59 26.2 
10 36.4 | 17.6 3.3 1.0 36.6 25.9 
11 18.6 4.2 2.9 0.5 2.6 4.6 17.1 14.7 
12 18.6 5.4 3.5 1.0 5.5 6.5 22.0 24.4 
13 11.9 1.4 4.2 1.0 8.9 20.3 
14 13.8 2.5 3.3 0.6 1.5 3.5 13.7 15.5 
15 12.6 2.2 3.2 0.5 4.7 5.2 13.2 13.3 
16} 19.9 11.7 3.8 2.3 3.3 4.0 44.5 51.6 
17 14.7 9.5 3.1 1.8 3.8 1.8 49.0 58.0 
18 16.5 14.7 2.5 1.6 4.2 5.0 67.6 54.6 
19 13.0 | 32.7 2.4 9 2.9 2.9 74.1 103.1 
20 14.6 16.6 3.6 3.4 86.3 
21 16.7 20.9 2.9 5 94.9 
22 10.5 14.7 106.2 
* See table I for method of calculation. 


+ Test tree last watered the evening of April 1. (No determination made first day of 
dry period, April 3.) 
+ Test tree thoroughly watered two hours before test period began. 


in figure 1. The relationship between the control tree, C, and the test tree, 
D, was established in the seven-day period from March 27 until April 2. 
During this standardization period the test plant was found to have an 
expected photosynthetic rate of 131.8 per cent. and an expected rate of 
transpiration of 117.2 per cent. No determinations were made on April 3. 
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On April 4 the test tree showed an increase of 6 per cent. in photosynthesis. 
This increased rate of photosynthesis during the early part of the dry 
period apparently lasted at the most only two days. This shorter period 
of increased photosynthetic activity, as compared with the four-day period in 
the previous experiment, was probably due to the 10 degree higher tempera- 
ture which caused a more rapid drying of the soil and a higher rate of 
transpiration by the leaves. It is interesting to note that while photo- 
synthesis showed a six per cent. increase on April 4, transpiration showed 
a 15 per cent. decrease. On the following day, April 5, the percentage 
expected rate of apparent photosynthesis was about 4 per cent. below its 
rate previous to the test period ; transpiration, however, showed about a 19 
per cent. decrease. From April 5 until April 8 photosynthesis of the test 
tree showed a 19 per cent. decrease and transpiration a 40 per cent. decrease. 
It is apparent from these data that transpiration showed a marked drop two 
days before an appreciable reduction in photosynthesis occurred. The test 
tree showed slight wilting at the tip at the conclusion of the run on 
April 10. It had recovered, however, within two hours after the lights were 
turned off in the afternoon. In spite of the slight wilting which occurred 
at the end of this three-hour run the test plant assimilated carbon dioxide at 
the fairly good rate of 17.6 milligrams per 100 square centimeters of leaf 
surface per hour. On April 11 the lights were turned on about three hours 
before the run began, and at starting time the plant again showed signs of 
slight wilting at the tip. By termination of this run all leaves were droop- 
ing. Carbon dioxide assimilation was 17 per cent. of the expected rate while 
transpiration was only 15 per cent. of its expected rate. In the period from 
April 11 to 16 as the plant continued to dry, the photosynthetic activity and 
transpiration of tree C dropped in each case to about 13 per cent. when the 
soil in which it was growing had reached a definite wilting percentage. 
About two hours before the run was started on April 16 the test tree was 
thoroughly watered but it did not recover to full turgidity until about 
three hours after the lights had been turned off in late afternoon. Although 
the plant was obviously wilted during this run, the rate of photosynthesis 
and transpiration increased to 44 and 52 per cent., respectively, of their 
original rate. By April 19 carbon dioxide assimilation of the test plant had 
increased to about 74 per cent. of its former rate, while transpiration showed 
a rapid increase to 106 per cent. On the day following this increase in 
transpiration, photosynthetic activity increased to 86 per cent., and by 
April 22 showed complete recovery to 106 per cent. of the expected rate. 
Thus, the time required for this plant to return to about normal transpiration 
and assimilation after the dry period was four and seven days, respectively. 
A three-hour respiration determination was made on several occasions 


following the above daily tests. Conditions were maintained the same with 
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the exception that the chamber was darkened. Unfortunately no respiration 
runs were made before the start of the dry period. On April 4 and 6, how- 
ever, respiration tests were made on the two sets of leaves when photo- 
synthesis and transpiration had not as yet shown marked reductions. In 
table II it is apparent that the respiration rate of tree C, the test plant, was 
lower than that of the check tree, D, for both determinations. By April 11 
when the next determination was made, however, respiration of the drying 
plant had increased above the check and this relationship continued during 
the dry period, and for four or five days after the water had been added on 
April 16. It is evident in table II that variations in the rate of respiration 
were directly opposite to variations in photosynthesis. When the former 
process showed an increase, the latter showed a decrease as the soil gradually 
dried ; after water was added, the situation was slowly reversed. 


EXPERIMENT IIT (APPARENT PHOTOSYNTHESIS, RESPIRATION, AND TRANSPI- 
RATION ).—This experiment was carried out under the same procedure and 
set of conditions as the previous experiment except the temperature was 
10° F. higher (100° F.) and the test plant was allowed only to show incipient 
wilting before water was supplied. Tree E, the control, and tree F, the test, 
were both of the McIntosh variety. During the standardization period, 
April 24 to April 28, both trees were watered daily in the evening until the 
evening of April 28 when only the control tree received water and the test 
plant was allowed to begin drying. In this experiment, as in the previous 
two experiments, shortly after the last watering the test plant showed an 
increase in photosynthetic activity over a two-day period, April 29 and 30, or 
an average increase of about seven per cent. Transpiration also showed a 
slight increase on but one day, April 29. According to the data in table ITI, 
it is evident again that transpiration shows a decrease before photosynthesis 
when water becomes limiting. Transpiration dropped slightly on May 30, 
and photosynthesis showed a slight decrease the next day; the first marked 
drop in transpiration came on May 3 while the first marked drop in photo- 
synthesis occurred the following day. Toward the end of the determination 
on May 6 the test plant showed signs of wilting but recovered about two 
hours after the lights were turned off in the evening. Photosynthesis and 
transpiration on this day were 44 and 36 per cent., respectively, of their ex- 
pected rate. Soil in which the test plant was growing was watered to field 
capacity late in the evening of May 6. The next day photosynthesis had 
recovered to almost its original status and had completely recovered by May 
8. Transpiration showed complete recovery by May 9. 

Immediately following each of the above determinations the chamber 
was darkened and respiration runs were made at the same temperature 
(100° F.) on four leaves on each of the above test and check plants (see 
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experiment IV regarding the remaining four leaf cups which were attached 
to another drying plant for respiration studies). The data are given in 
table III and shown graphically in figure 2. It is apparent again that as 
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Fie. 2. The influence of soil moisture on respiration of apple leaves. The test tree 
received the last watering on the evening of April 27. It was watered again the evening 
of May 6 (experiment IIT). 


water becomes limiting to an apple tree the respiration rate correspondingly 
increases, but when the plant has been watered again it gradually returns 
to its original relationship with the check plant. The highest rate of respi- 
ration, a 62 per cent. increase, was recorded on May 6 when transpiration 
and photosynthesis were lowest and the plant showed definite signs of 
wilting. 


EXPERIMENT IV (RESPIRATION ).—Data presented in table 1V were col- 
lected on a MeIntosh test tree, G, at the same time respiration determinations 
were made on tree F in experiment III. Leaf cups were attached to four 
leaves on test tree, G, while the control tree, E, remained as a reference in 
both experiments III and IV. The standard relationship between assimila- 
tion of the test and control leaves was established between May 4 and 6, and 
from the evening of May 6 to 9 inclusive the test tree received no additional 
water. In table IV it is evident that on the first day of the dry period, May 
7, tree G showed the beginning of a gradual increase in respiration. On May 
8, 9, and 10 there were further increases in respiration to 23, 34, and 30 per 
cent., respectively. After the test plant had been watered thoroughly the 
evening of May 10, it returned on May 11 to almost its original relationship 
in respiration with the reference tree. Thus, it is apparent from these data 
that when the dry period for an apple tree is short and less severe, respira- 
tion of its leaves returns from an increased rate to its normal status more 
quickly after water again has been supplied. 
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TABLE IV 


EFFECT OF SOIL MOISTURE ON RESPIRATION OF MCINTOSH APPLE LEAVES. 
EXPERIMENT IV 








| APPARENT VALUES FOR 








DATE | RESPIRATION IN CO./ EXPECTED 
1939. 100 Cm?/Hr. RATE OF THE TEST 
aaa re + TREES* 
TEST CHECK 
mg. mg. % 
ie 6 2.9 4.5 
ae 1.7 2.7 
Bee 2.6 4.2 
Average ...... 2.4 3.8 158.3 
was 3.0 5.7 120.0 
S's 2.2 4.3 123.4 
ee 4.0 8.5 134.2 
10$... 1.7 3.5 130.0 
11 2.2 3.7 106.3 





* See table I for method of calculation. 
t Test tree received last watering evening of May 5. 
+ Test tree watered to field capacity evening of May 10. 


FIELD EXPERIMENTS® 


During the summer of 1938 three experiments were carried out in a 
manner similar to those in the control chamber with the exception that the 
trees were placed outside the greenhouse where they were exposed to en- 
vironmental conditions typical of central Ohio. The data are presented in 
figure 3 for one experiment which we considered, in general, almost identical 
with results obtained in the other two tests. Before it was evident that 
small variations in soil moisture had definite effects on leaf metabolism (as 
has been pointed out in the chamber experiments), it was decided to water 
the control plants in these tests only at intervals of 2 to 4 days when the 
soil appeared dry on the surface. The interval of watering obviously de- 
pended upon whether days were cloudy or sunny. This probably accounts 
for the fact that the relationship in photosynthesis between the two trees held 
practically constant for about three days after the dry period began (July 
12) when the control tree also did not receive water for two days. Daily 
records show that water was applied to the control tree the mornings of July 
12, 14, and the late afternoon of July 15 during the early part of the test 
period. From the afternoon of July 14 to the morning of July 18 the drying 
plant showed a definite relative increase (as much as 70 per cent., July 15) in 
carbon dioxide assimilation, which is similar to the behavior of drying plants 
in the chamber experiments. Beginning with the morning of July 19 there 


3 The authors appreciate the assistance of Mr. VERNON PATTERSON, senior in 
pomology, in performing the routine chemical analyses of the solutions. 








SCHNEIDER AND CHILDERS: INFLUENCE OF SOIL MOISTURE 577 




















4—DRY PLANT WATERED HERE. 











oat SIS 


RATE 
8 





e 
< 











y 

8 60 

B ag 

Pot dd tt tt |} jt} tt ttt 
a AM Pw AM PM AM PM AM PM Ale a A PM A PM AM PM AM Pw Be a ee ae ee 
2 3 4 is 6 7 8 19 20. al aeaneintss @ 


JULY, 1938. 

Fig. 3. The influence of soil moisture on apparent photosynthesis of apple leaves 

under central Ohio weather conditions in July. The test plant received water on July 12 

and again on July 22 at 10:50 a.m. In the lower part of the figure the relationship in 

photosynthesis between the test and check trees on July 12 and 13 was taken as a 
standard for comparison of leaf activity on the remaining days. 














578 PLANT PHYSIOLOGY 


was a gradual decrease in photosynthesis as the plant continued drying. 
During this period the weather was generally cool and often cloudy which 
afforded ideal conditions for a very gradual drying of the plant, thus avoid- 
ing any sudden scorching of the leaf tissues. The leaves on the test tree 
showed no signs of wilting until late afternoon of July 19 when slight wilting 
on the lower leaves occurred ; this again stresses the fact that there may be a 
marked reduction in photosynthesis by apple leaves before wilting is visible 
to the eye. On the morning of July 20 the test tree had recovered, 
but by mid-afternoon two lower leaves were scorched at the tip and margins 
and the lower leaves, in general, were badly wilted. Again, early in the 
morning of July 21, the plant had shown noticeable recovery overnight, but 
by late afternoon several more leaves were scorched and the entire plant was 
very definitely wilted. At 10:50 a.m., July 22 the dry plant was thoroughly 
watered but did not recover until late afternoon. The morning of July 23 
it appeared to be fully turgid, and according to figure 3 had recovered in 
photosynthesis in about three days. It then was allowed to begin drying 
again when the experiment was discontinued. 


Discussion 


The data in experiments I, II, and III obtained in the environment- 
control chamber and the data obtained in the field (fig. 3) have shown a 
consistent increase in photosynthesis when the moisture in a relatively heavy 
type of soil fell below its field capacity. In an earlier report by HEINICKE 
and Cuiupers (11) similar results were noted and it was suggested that ‘‘the 
optimum soil moisture for photosynthesis of apple trees may be below the 
field capacity of the soil, or certainly, below a degree of saturation which 
persists for a day or so after watering.’’ This would seem reasonable to 
expect in view of the numerous reports (2, 15, 21) which stress the impor- 
tance of good soil aeration as it influences root and top growth. From the 
standpoint of moisture content of the leaves, BRILLIANT (4) has shown that 
photosynthesis is at its maximum when leaf moisture was reduced 5 to 15 per 
cent. in Hedera helix and Impatiens parviflora. It may also be noted in 
experiment IT (90° F.) that transpiration showed a decrease of 15 per cent. 
at a time when there was a 6 per cent. increase in photosynthesis. It is 
probable that if transpiration tests had been made at the lower temperature 
of 80° F. (experiment I) when the period of increase in photosynthesis ex- 
tended over a four-day period, the above relationship between photosynthesis 
and transpiration would have been more pronounced. 

It has been stated by Miuuer (18) that water plays both a direct and 
indirect réle in photosynthesis: directly, by entering into chemical combina- 
tion with carbon dioxide to form carbohydrates; and indirectly, by govern- 


ing the opening of the stomata which, in turn, governs the intake of carbon 
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dioxide. In case of moderate water shortage to apple leaves, however, 
Maeness (17) states that there is so much water present in the leaf, even 
at time of stomatal closing, that it seems doubtful if a deficiency of water 
is a direct factor in reduced photosynthesis. In our experiments it has been 
difficult to establish a definite relationship between photosynthesis and 
stomatal opening at the time water becomes limiting ; in several observations 
made by the junior author at Ithaca, N. Y., it appeared that there was a 
drop in carbon dioxide assimilation about the same time, or shortly after 
closing of the stomata was evident, due to water shortage. It does seem 
fairly clear, however, that under moderate weather conditions, there may be 
a 5 to 15 per cent. reduction in transpiration before stomata begin to show 
the effects of low water supply and before photosynthesis begins to show a 
definite decline (experiment II). Magness (17) also found that moisture 
supply in the apple leaf may be reduced to an appreciable extent before 
stomata begin closing, ‘‘in some tests being approximately 5 to 7 per cent. 
higher at the time of stomatal opening than at the time of stomatal closing.”’ 
He further states that under orchard conditions the early closing of stomata 
has proved to be about the best indication of the beginning of water shortage. 
Stomata, in most cases, were more sensitive to water deficiency than was the 
growth rate of the fruit. 

With the type of soil used here (moisture equivalent of 38.4 per cent. ; 
wilting coefficient of 15.55 per cent.) it is clear that there may be marked 
reductions in photosynthesis and transpiration and an increase in respiration 
before wilting in the apple is apparent. The length of time before wilting 
that these reductions may take place is dependent obviously upon the 
evaporating power of the air (experiments I (80°), II (90°), and III 
(100° F.)) and the mass of soil about the roots as well as the soil structure’ 
The results presented here are in accord with those of Lewis, Work, and 
Aupricn (16) who report in the case of heavy soils at Medford, Oregon, that 
fruit and tree growth were reduced significantly before soil about the ma- 
jority of the roots of pear trees reached the wilting point. They state that 
fruit growth was reduced whenever soil moisture content fell below 70 per 
cent. of the available capacity. In case of the lighter soils (wilting coeffi- 
cient of 8 to 10 per cent.) in California, however, HENDRICKSON and VEIH- 
MEYER (12) have pointed out that fruit and tree growth were not reduced 
if the soil moisture remained about one per cent. or more above the wilting 
coefficient. Howxertr (13) also states that with the Wooster Silt Loam 
(wilting coefficient of 7.5 to 8.0 per cent.) he was unable to detect any 
significant reduction in rate of fruit growth in the apple as long as the 
moisture was above the wilting coefficient. 

It is generally considered uncertain that stomata are tightly closed even 
though they appear so under the microscope; it is interesting, however, to 











580 PLANT PHYSIOLOGY 


note that on several occasions in these experiments we have obtained fairly 
high rates of photosynthesis when the stomata appeared to be completely 
closed. In his work with corn, Sayre (19) has pointed out from con- 
siderable experience in the field where the ‘‘ultrapak’’ microscope was 
employed that ‘‘there is no close relation between stomata and photosynthe- 
sis in corn and that maximum photosynthesis can go on in the absence of 
open stomata.’’ BERNBECK (1) also found that stomatal opening and photo- 
synthesis operate independently under conditions of moderate water 
deficiency. 

The time required for a wilted plant to recover to normal leaf activity 
after it has been watered is correlated, as one would expect, with the 
severity and length of the drought period [experiments II and III, and in 
the field (fig. 3)]. In experiment II, when the test plant was allowed to 
remain wilted for several days before watering, transpiration returned to 
approximately normal within 4 days while respiration and photosynthesis 
did not show complete recovery until the sixth and seventh day. In experi- 
ment III, where the plant was allowed to wilt only a single day, photo- 
synthesis, transpiration, and respiration recovered within a day or two after 
the watering. Test plants in the field (fig. 3) were allowed to remain wilted 
for about two days and until several of the lower leaves on the shoots showed 
scorching and abscission before they were supplied with water. The time 
required for photosynthesis to recover was about two days. It should be 
pointed out that these reductions in leaf activity which persisted after water 
was supplied to the wilted plants, occurred even though the plants regained 
full turgidity within a few hours after watering. ILsry (14) who worked 
with Bidens tripartita and Phlomis pungens also found that photosynthesis 
did not recover as soon as the wilted plants regained full turgidity but con- 
tinued to show reductions of 29 per cent. 16 hours after recovery of turgor. 

It is the opinion of YUNcCKER (22) and others that when water supply to 
plants is reduced, the rate of respiration is likewise reduced; this does not 
seem to be the case in results presented here. In every case where respira- 
tion determinations were made on drying plants there was a relatively 
greater amount of carbon dioxide evolved from the drying leaves until the 
plant was watered, after which respiration gradually recovered to its nor- 
mal relationship with the control tree. This is in line with the work of 
Smitu (20) who removed water from the leaves of snowdrop, stem tip of 
Tropaeolum, and young stems of Asparagus by means of a vacuum desiccator 
and showed that there was an increase in respiration proportional to the 
amount of water lost until 30 per cent. of the water had been removed. 
Respiration remained about the same when water was further diminished 50 
to 60 per cent. From the data in tables IT, ITI, and IV it is evident, also, 
that respiration of apple leaves assumed a more or less level-status after the 
first two- or three-day climb, then dropped back upon addition of water. 
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In figures 1 and 3 it is evident that when data from the field are expressed 
in terms of percentage, the trend in photosynthesis is not so smoothly 
plotted as for data obtained in the environment-control chamber. For ex- 
ample, in figure 3, one would logically expect a greater reduction in assimila- 
tion of the drying plant on July 21 than on the previous day, July 20, 
because the soil, if anything, would be drier on the second day. The reverse, 
however, was true: there was a 66 per cent. reduction in photosynthesis on 
July 20 and only a 16 per cent. reduction on July 21. This and other un- 
expected variations in the photosynthetic relationship between the control 
and the test trees in the field might be explained by the wide variations in 
light, temperature, and other uncontrollable factors. 


Summary 


1. Determinations of apparent photosynthesis, transpiration and, in 
some cases, respiration were made on small apple trees while the soil in 
which they were growing gradually dried to the wilting percentage, after 
which it was watered to field capacity. The reference trees were watered 
at regular intervals. Experiments were performed both in the field and 
in a large insulated chamber where light was held constant at an average 
of about 4000 foot candles for all leaves concerned, humidity at about 30 
per cent., and temperature at levels of 80°, 90° or 100° Fahrenheit. 

2. The data show that an increase in apparent photosynthesis was asso- 
ciated with a slight decrease in soil moisture below the field capacity of the 
dark, fairly heavy soil employed in these experiments. Under temperature 
conditions of 100° F. this period of increase in photosynthesis was shorter 
(1 to 2 days) than when the temperature was 80° F. (2 to 4 days) ; this 
was probably due to the more rapid drying of the soil and the greater 
transpiration rate at the higher temperature. 

3. At a temperature of 80° F. the first reduction in apparent photosyn- 
thesis occurred the fifth day after the last watering; at temperatures of 90° 
and 100° F. the first reduction in assimilation occurred on the third day. 
Ordinarily, under conditions of a gradually drying soil, there was a reduc- 
tion in the rate of transpiration for at least one day before there was a 
reduction in photosynthesis. If evaporation conditions were low, this re- 
duction in transpiration sometimes extended over a longer period of time 
before photosynthesis showed a definite decrease. 

4. Before wilting was evident, there were marked reductions in apparent 
photosynthesis and transpiration, and an increase in respiration; in one 
case there was a 55 per cent. reduction in photosynthesis, a 65 per cent. 
reduction in transpiration, and a 62 per cent. increase in respiration. 
Stomata at this time appeared to be completely closed. 

5. On several occasions fairly high rates of photosynthesis were obtained 
when the stomata appeared to be closed. 
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6. When the plants showed definite wilting, and the soil moisture was 
approximately at the wilting percentage, there was an 87 per cent. reduction 
in both photosynthesis and transpiration. It was not uncommon for wilted 
apple leaves to absorb from one to ten or more milligrams of carbon dioxide 
per 100 square centimeters of leaf surface per hour. 

7. When water was applied to the soil in which wilted apple trees were 
growing, the leaves usually attained turgidity within three to five hours, 
depending upon their degree of wilting. They did not, however, recover 
to their original relationship with the controls in photosynthesis and respira- 
tion before two to seven days after the watering. Transpiration usually 
recovered about the same time as photosynthesis or slightly earlier. 

8. The general trend of photosynthesis for the test plants was approxi- 
‘mately the same in the field as in the environment-control chamber. 
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FACTORS AFFECTING ROOT FORMATION OF 
PHASEOLUS VULGARIS 


KENNETH V. THIMANN AND EUGENE F. POUTASSE 


(WITH THREE FIGURES ) 


The successful rooting of leafy cuttings involves three physiologically 
distinet processes: initiation of root primordia; development of true roots 
from these initials; and maintenance of the cutting as an excised organ 
during the rooting. 

The first of these, where it does not take place spontaneously, can be 
brought about in many plants by treatment with auxin. The second (out- 
growth of the roots) involves the formation of cell-wall and protoplasm ; 
it therefore requires the supply of carbohydrates and nitrogenous materials, 
together with such special substances as may be needed for root growth. 
Normally all of these materials would be supplied from the leaves or from 
storage in thestem. Too little attention has been paid up to now to the third 
process, the maintenance of the cutting, which, in view of the special con- 
ditions that obtain when leaves are severed from the plant, is of great 
importance. Thus, as pointed out by CHIBNALL (4), the detached leaf of 
many plants, including Phaseolus, undergoes a rapid and extensive prote- 
olysis. The present experiments were, therefore, designed to shed some 
light on the second and third of these processes. 

It was our intention to study the influence of nutrition, especially nitro- 
gen nutrition, and other external chemical factors on the rooting and main- 
tenance of leafy herbaceous material. 

Since internal factors must also be considered in such a study, attention 
was paid to the réle of auxin and also to the separate roles of the leaves and 
the stem. 

Materials and methods 


Phaseolus vulgaris, the red kidney bean, was used throughout. The 
plants were raised in flats in the greenhouse and used at the age of about 
two weeks. The first simple leaf with its petiole (referred to as ‘‘leaf’’ 
throughout the text) was used in the majority of the experiments; isolated 
internodes, hypocotyls, and stem sections with attached leaves were also 
employed for comparison. 

All solutions were made up with distilled water. Treatments were basal, 
and applied by immersion to a depth of about 2 em. in the solution tested. 
The cuttings were supported by cotton plugs inserted into holes in thin 
wood covers, in such a manner that their bases dipped into beakers con- 
taining either water or the solution to be tested; the beakers were held in 
a wooden frame. In this way the bases were kept in darkness throughout 
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the experiment. The tops received the ordinary light conditions of the 
greenhouse. This was supplemented in the evening with a ‘‘sunlight”’ arc 
lamp to give a total constant day-length of fourteen hours since many experi- 
ments were carried out from November, 1939, to March, 1940. Each experi- 
ment lasted 15 to 20 days from the time of cutting. During the first twenty- 
four hours the cuttings were kept in auxin or water, the next twenty-four 
hours in the tested solution, and the following thirteen to eighteen days in 
distilled water. 

Indole-3-acetic acid was employed as the auxin throughout; adenine was 
used as sulphate, choline and guanine as hydrochlorides. The weights of 
these substances given below, however, refer to the actual weight of base 
present. 


Experimental results 
THE INFLUENCE OF AUXIN 
The effects of treating the base of the petiole with indole-acetie acid of 


various concentrations are summarized in table I. The data are taken 


TABLE I 


INFLUENCE OF TREATMENT WITH INDOLE-ACETIC ACID FOR 24 HOURS ON THE SURVIVAL AND 
ROOTING OF Phaseolus vulgaris cuTTINGS* 





AVERAGE NUMBER 
CUTTINGS ALIVE | CUTTINGS ROOTED OF ROOTS PER 


| 
| 
| 


ROOTED CUTTING 
INDOLE-ACETIC ACID USED | 2 
PER LITER . : ete 
WATER so WATER ae WATER neues 
e~ AUXIN pone AUXIN pore | AUXIN 
«i TREATED ae TREATED * TREATED 
TROL a TROL | TROL 
mg. % Lo % % | 
40 76 27 70 27 
10 (mean of 2 series) 75 46 68 46 
2 (mean of 2 series) 78 64 67 60 
0.5 25 29 4 29 10 40 
0.1 61 46 54 40 63 44 
0.025 (mean of 4 series) 80 69 41 37 23 57 
0.025 (internode attached) 100 100 75 92 23 24 


* Ail figures but the last refer to leaf cuttings; the last series have one complete 
internode attached. Results after 15 days in greenhouse. 

from a number of separate experiments, each of which, however, included 
its own water controls. 

It will be seen that the higher auxin concentrations caused a serious 
increase in mortality; even very low concentrations, in all but two of the 
experiments with the leaf-cuttings, somewhat reduced the number surviving. 
In only one of these two cases (0.5 mg. per liter) was there a significant 
increase in the percentage rooting. 
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On the other hand, practically all of the surviving cuttings, treated with 
auxin at 0.025 mg. per liter or higher, rooted; in the water controls, 10 to 
80 per cent., or an average of about one-third of those surviving, did not 
root in the fifteen days. This may be seen by comparing the percentage 
alive with the percentage rooted in the same experiment. Further, in all 
but one of the seven experiments in which the number of roots was counted, 
auxin treatment greatly increased the number of roots per rooted cutting. 
This effect is not greatly dependent on auxin concentration. It is strongest 
in the two cases where rooting in water was poor. Examples of large in- 
ereases in the number of roots formed may also be seen in tables III, VI 
and VII. To put it briefly, those cuttings which survive the auxin treat- 
ment show an increased root formation, but some cuttings are damaged even 
at concentrations as low as 1/40 mg. per liter. It is evident that this 
material has an unusually high sensitivity, to both the root-initiating and 
the toxic action of indole-acetic acid. 

The notably lower mortality and higher rooting ability of the euttings 
with attached stem is discussed in the next section. 


INFLUENCE OF THE LEAF AND STEM 
In preliminary experiments it was found that the maintenance of single- 
leaf cuttings in water or nutrient solution depended on the amount of stem 
attached. With Phaseolus, which wilts easily, this phenomenon is very 
striking. The following figures show the percentage of cuttings which were 
evidently alive and not wilted when kept with their bases in distilled water 
for one week in the laboratory : 


PERCENTAGE 


CUTTING 
SURVIVAL 

Leaf plus petiole (cut at A, see figure 1) 5 
Leaf plus petiole plus node (cut at B) 22 
Leaf plus petiole plus node plus half the next lower internode (cut at C) 30 
Leaf plus petiole plus node plus whole next lower internode (cut at D) 67 
Leaf plus petiole plus node plus whole next lower internode plus next 

lower node (cut at E) 78 


Another comparison, with somewhat younger plants, done in the green- 
house, is presented in table II. Though the survival is higher and thus more 
normal, the beneficial influence of the added stem section is still clear. Since 
the internode by itself does not survive appreciably (column 4) it is the 
combination of leaf with stem tissue which is most viable. The results in 
nutrient solution are similar to those in water, so that the effect cannot be 
ascribed to simple nutritional deficiency. 

Root formation shows the same response as survival. The effect of an 
attached internode is shown in table III. The cuttings were first treated 
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Sketch showing points at which cuttings were taken. 








Fie, 1. 


TABLE II 


SURVIVAL OF VARIOUS TYPES OF PHASEOLUS CUTTINGS AFTER 15 DAYS IN THE GREEN HOUSE, 
IN WATER OR IN NUTRIENT* 

















PERCENTAGE OF CUTTINGS ALIVE 
EA is | : SOL: 
LEAF onty; | LEAF PLUS LE F PLUS | ISOLATED | ISOLATED 
(cur aT A) | woe: NODE PLUS | (LEAFLESS) HYPO- 
é - - 4% x NTE N YE: | N ? . .. YL: 
aeast ep (cuT AT B) | INTERNODE; | INTERNODE; | COTYL; 
3 arts 1 exrr (cuT AT D) MEAN OF MEAN OF 
eas ae peasy 1 EXPT. 2 EXPTS. 2 EXPTS. 
Oo oO oo 
/o 0 /o % | % 
In water 65 70 85 2 17 
In nutrient solution | 67 90 90 2 12 








* Hoagland’s solution, quarter strength. For points at which eutting was made, see 
figure 1. 


TABLE III 


ROOTING AND MORTALITY AFTER 16 DAYS IN WATER IN THE GREENHOUSE. 
TREATMENT 0.025 MG. PER LITER 


AUXIN 


NUMBER OF ROOTS 
PER ROOTED CUTTING 


PERCENTAGE ROOTED PERCENTAGE ALIVE 


First 24 HOURS IN: WATER AUXIN WATER AUXIN WATER AUXIN 
%e % %o % 
Leaf (cut at A) 23 8 3 47 92 80 
Leaf plus internode 
(eut at D) 69 92 1 22 100 100 


basally with water or auxin (0.025 mg. per liter) for 
with their bases in water for 16 days and roots counted. 


24 hours, then kept 
When the in- 
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ternode is absent, auxin increases the number of roots per rooted cutting. 
It also evidently causes some toxicity, as shown by reduced percentage 
of rooting and increased mortality. When the internode is attached this 
toxicity disappears and at the same time the percentage of cuttings rooted, 
either with or without auxin, is greatly increased and survival becomes 
complete. 

The explanation for this influence of attached stem sections in main- 
taining the cutting alive cannot as yet be given, but it seems highly prob- 
able that it is due to a contribution of some organic substance, or substances, 
by the stem. 

AFTER-TREATMENT OF THE CUTTINGS 


MINERAL NUTRIENTS.—In maintaining cuttings in solution it was first 
necessary to know whether or not they required aeration. In comparative 
experiments with leaves, internodes, and hypocotyls the influence of aerating 
the water or nutrient solution was found to be negligible. In most instances, 
indeed, the stream of air so promoted the growth of microdrganisms that 
the cuttings became infected. Aeration was therefore not adopted. 

The effect of providing nutrients was tested in a number of experiments. 
HOAGLAND’s solution (7) at one quarter strength was found satisfactory. 
It maintained the roots in white and active condition, as compared to the 
evident browning after 15 days in water. On the other hand the solution, 
if anything, inhibited root initiation. In one experiment leaves, with and 
without auxin treatment, rooted 42 and 45 per cent., respectively, in nutrient 
solution ; those kept in water rooted 55 and 50 per cent., respectively. 


TABLE IV 


INFLUENCE OF NUTRIENT SALTS. AUXIN 0.025 MG. PER LITER 


MEAN NUMBER TOTAL NUMBER 


First 24 | NUTRIENT SOLUTION | CUTTINGS : selves . gery 
HOURS SECOND 24 HOURS | ROOTED hn argue toe pen i 
P % 

per Water a. if 520 
bar Ca(NO,), 200 mg./I. = a 407 
Aun | SHPO, 20 mg/l. 9 23 487 
—. KH,PO, 200 mg./1. i 369 
pwned KNO, 50 mg./1. 4 897 
looms KNO, 500 mg./1. 97 ry 785 
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This slight retarding effect of the complete nutrient solution is, however, 
in sharp contrast with the behavior of the individual salts separately. Root- 
ing was markedly inhibited by MgSO, and by Ca(NO,). at the same con- 
centration as in the nutrient solution ; but strongly promoted by KNO, and 
in a few experiments weakly by KH.PO,. The most powerful inhibition 
was exerted by MgSO,, which at M/3000 (82 mg. per liter) completely pre- 
vented any rocting of leaves and increased the mortality from 13 to 33 per 
cent. A comparison of the other salts is given in table IV. The beneficial 
influence of KNO, at relatively high concentrations can best be seen from 
the total number of roots in the last column. 

The data in table IV, showing the increased root formation when cuttings 
were supplied with KNO,, were extended by comparison with another source 
of available nitrogen, namely ammonium sulphate. Table V shows that 


TABLE V 


COMPARISON OF NITRATE WITH AMMONIUM. INDOLE-ACETIC ACID 0.5 MG. PER LITER. 
RESULTS AFTER 15 DAYS IN GREENHOUSE 





TOTAL NUMBER 


lst 24 HOURS . 
SECOND 24 HOURS ROOTED OF ROOTS ON 


i | 24 CUTTINGS 
Bie he aes Ge - 24 
pew Water < me 
posrad KNO, 20 mg./l. p = 
pe KNO, 200 mg./1. = roo 
Ausin (NH,).SO, 2 mg./. : 35 
pce (NH,).80, 20 mg./.. 0 


even at 2 mg. per liter (M/66000) rooting is strongly inhibited, while 20 mg. 
per liter and all higher concentrations completely prevent all rooting. 
KNO,, on the other hand, is again effective. 

ORGANIC NITROGEN.—Organic nitrogenous compounds, especially those 
known to be present in leaves, are of particular interest in this connection. 
The analyses of Vickery (8) on alfalfa show that, apart from amino-acids, 
the most important nitrogenous constituents of the leaves are asparagine, 
adenine, stachydrin, and choline. Since the bean is also a legume, these 
substances were considered the most important to study. Stachydrin was, 
however, omitted, and instead some other purines and nicotinie acid were 
used. 


The results showed considerable variation from experiment to experi- 
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ment, and will therefore be given in abbreviated form. The controls them- 
selves varied markedly, perhaps due to small differences in humidity and 
lighting which are unavoidable under greenhouse conditions. There is also 
some evidence that when cuttings are taken late in the day their subsequent 
survival is impaired. In each of the experiments, however, the cuttings for 
all treatments were taken at one time. Two additional reasons add to the 
difficulty of drawing conclusions. One is that some substances showed 
effects mainly when the cuttings had been pre-treated with auxin; #.e., they 
enhanced the effectiveness of the auxin treatment, while others were more 
effective when auxin had not been used. The other is that in some instances 
the percentage of cuttings which rooted was increased, while the total num- 
ber of roots formed on all the cuttings was not. The opposite also occurred. 
For example, the best single effect on root number was obtained with guanine 
20 mg. per liter, which gave 583 roots per 15 leaf cuttings against 113 in 
the controls, 7.e., an increase of 31 roots per cutting. The highest increase 
in percentage rooting of leaf cuttings was, however, in one of the experi- 
ments with nicotinic acid 20 mg. per liter, which gave 67 per cent. rooting 
as against only 20 per cent. in the controls. In spite of these uncertainties, 
the great effectiveness of adenine and asparagine in promoting rooting may 
be regarded as fully established, while that of the other substances tested 
is at least highly probable. 

Adenine gave the most consistent results. Out of 6 experiments, each 
one including both water and auxin pre-treatment (12 comparisons), ade- 
nine increased the percentage rooting and the total number of roots in every 
case. The data are summarized in figure 2, which shows the increases above 
the controls for each of three concentrations used. Concentrations below 
50 mg. per liter showed no consistent effectiveness. Apparently the actual 
concentration which causes the best effect depends on whether auxin was 
used or not, the higher concentrations being more effective with auxin pre- 
treatment, the lower without. It is tempting to ascribe this to a ‘‘limiting 
factor’’ effect such as is discussed by WENT and THIMANN (9); the data 
obtained with other substances, however, do not bear this out. 

The effects of adenine were of good magnitude. In one experiment 4 
per cent. rooted in water controls and 42 per cent. in those treated with 
adenine 50 mg. per liter; in another 38 per cent. rooted in auxin controls 
and 77 per cent. when auxin was followed by adenine 200 mg. per liter. 
Also, in spite of the variation between control values in different experi- 
ments, the results are statistically fully significant. The mean percentage 
rooting of all controls in the adenine experiments (both water and auxin 
treated) was 22.5 + 0.8, while the mean percentage rooting of all adenine- 
treated cuttings (both water and auxin pretreated) was 41.8 + 0.5. As to 
root number, the controls averaged, per 15 cuttings, 142 + 8 roots, those 
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Fie. 2. The effect of adenine as after-treatment. 


Ordinate: increase in root number and in rooting percentage as a result of adenine 


treatment. 
Abscissa: concentration of adenine. 
Shaded columns: cuttings pretreated with auxin. 
White columns: no auxin. 
Data for 50 mg. per liter the mean of two experiments; those for 200 mg. per liter 


the mean of three. 


treated with adenine 252 +7. Examples of single experiments are also 
included in tables VII, VIII, and [X. 

The higher rooting of cuttings with attached internode (such as were 
used for table II]) apparently precludes any further increase by adenine. 
One such experiment was carried out, but both the controls and those given 
adenine rooted 85 per cent. and both averaged 18 roots per cutting. 

The results of two similar experiments with asparagine are given in 
table VI. High concentrations were not practicable on account of infection. 
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TABLE VI 


INFLUENCE OF ASPARAGINE (5 MG. PER LITER) * 











SECOND 24 HOURS 














WATER ASPARAGINE 
First 24 HOURS | es —— 
PERCENTAGE TOTAL NUMBER Puncenvaen TOTAL NUMBER 
asennad OF ROOTS ON eoctinin OF ROOTS ON 
| 15 currines — 15 CUTTINGS 
4 mee | i Se et eos 
| 
% % 
Water ........... 8 8 13 45 
p |” ar 16 150 21 112 
TENE enepow 54 509 69 726 
p tno agi a | 38 | 254 62 516 





* Auxin: indole-acetic acid 0.1 mg. per liter. Results after 15 days in greenhouse. 
Two separate experiments, each with water and auxin treatment. 


The optimum concentration has evidently been covered, however, since 50 
mg. per liter was less effective than 5 mg. per liter, which was used for both 
series of table VI. Seven of the eight comparisons show real increases. 
The mean increase in percentage rooting caused by asparagine is 12 + 1.3; 
the mean increase in root number is 120 + 20, so that the data are fully 
significant. On the whole, asparagine 5 mg. per liter was nearly as effective 
as adenine. 

Two experiments with guanine are summarized in figure 3. The per- 
centage of cuttings rooting was increased markedly in five out of the six 
comparisons, but the total number of roots was increased only when auxin 
had not been supplied. The increases were, however, very large. 

Results with uracil, 0.1 and 5 mg. per liter, were somewhat erratic, but 


TABLE VII 


INFLUENCE OF YEAST NUCLEIC ACID AND OF ADENINE* 
SECOND 24 HOURS 
First 24 


ae N - ‘i TYPE OF CUTTING 
_— | 7 NUCLEIC ACID | NUCLEIC ACID | ADENINE , 

| WATER | NUCLEIC ACID | NUCLEIC ACII ADENINE 
| | 


200 MG./L. 500 MG./L. 500 mG./L. | ™ 
Water 9 0 13 67 Leaf 
Auxin 55 20 98 171 _ 
Water 198 175 Leaf 
Auxin 261 520 oes 
Water 255 315 375 Leaf and one 
Auxin | 300 285 420 internode 








* All data the total number of roots on 15 cuttings. Auxin: indole-acetie acid 0.025 
mg. per liter. Results after 15 days in greenhouse. 
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Fig, 3. The effect of guanine as after-treatment. Legends as for figure 2. Each 
concentration one experiment only. The number of roots is increased only when auxin is 


not used. 


there was a marked increase in root number in the cuttings pretreated with 
auxin (504 on 15 controls, 771 on 15 uracil-treated ). 

It was thought that the beneficial effect of the purines might be combined 
with that of phosphate by administering nucleic acid. Yeast nucleic acid 
was therefore tested at 20 to 500 mg. per liter. The higher concentrations 
appeared to show a real increase in root number (table VIL) but no increase 


in percentage rooting. Adenine in the same experiment was much more 
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effective. Cuttings with internode attached also showed a response to 
nucleic acid at 500 mg. per liter. Infection of the bases of the cuttings 
was, however, very troublesome at these high concentrations. 

An experiment with choline is presented in table VIII. In the absence 


TABLE VIII 


INFLUENCE OF CHOLINE AND OF ADENINE. AUXIN 0.5 MG. PER LITER. 
RESULTS AFTER 15 DAYS IN GREENHOUSE 


PERCENTAGE OF ROOTING 
First 24 . 


HOURS 








WATER CHOLINE 5 MG./L. CHOLINE 50 MG./L. | ADENINE 50 MG./L. 
——_—— - } : 
% % % % 
Water 4 25 25 42 
Auxin* 29 8 0 25 
TOTAL ROOTS ON 15 CUTTINGS 
Water 6 89 140 250 
Auxin* 144 69 | 0 119 











* The auxin data are included for the sake of completeness, although the concentra- 
tion used was evidently too high. 


TABLE IX 
INFLUENCE OF ADENINE. AUXIN 0.1] MG. PER LITER. RESULTS AFTER 
15 DAYS IN GREENHOUSE 


PERCENTAGE OF ROOTING 
First 24 HOURS 


| WATER ADENINE 50 MG./L. ADENINE 200 MG./L. 
Water 54 62 70 
Auxin 40 46 77 


TOTAL ROOTS ON 15 CUTTINGS 


Water 509 535 831 


Auxin 


bo 


| 55 494 646 


of auxin treatment, both total root number and percentage rooting are 
clearly increased, but the combination of choline with auxin pre-treatment 
seems to be very damaging. This may be due to the rather high auxin 
concentration used in this particular experiment. For comparison, the data 
for adenine (50 mg. per liter) obtained in the same experiment are included. 


They show the same tendency to fall where auxin was used, but they also 
show how large an effect can be exerted by adenine. 
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Nicotinic acid, at 4 to 100 mg. per liter, produced small increases in the 
percentage rooting and the number of roots formed, mainly when auxin 
was not supplied, but the response was variable and no certain conclusions 
can be drawn. It may also be noted that malate M/1000, was completely 
without effect. This is of interest since malic acid appears to function in 
the oat coleoptile as part of the auxin complex. 


Discussion 


The powerful influence of a section of stem, both in maintaining the 
cuttings and promoting rooting, shows that the stc  »xerts an important 
influence on the leaf. Because of the extensive pro.‘ol is initiated in 
leaves on their removal from the stem, even in light (4, ta 91), the infer- 
ence may be made that the presence of the stem in soi uy orevents this 
proteolysis. Probably, therefore, maintenance of the 0 leaf is a 
function of the degree to which proteolysis is prevented. iu view of the 
clear effects exerted by nitrate and organic nitrogen in the present experi- 
ments, it is suggested that the stem contributes to the leaves an available 
form of nitrogen. Indeed, Born (3) has shown that nitrogenous material 
can be readily transported from a stem section into an attached leaf, pro- 
vided only that the water-vapor tension is below saturation. 

It is of interest that besides nitrate and asparagine, the purines, adenine 
especially, are so effective. The importance of adenine for the synthesis 
of nuclear material and of coenzymes, and the ease with which asparagine 
is metabolized in the plant, doubtless account for the fact that these two 
are the most effective substances of those tested. The activity of adenine 
on the expansion of leaf-blades has been reported by BONNER and HAAGEN- 
Sir (2), and apparently in some plants the effect is exerted on vegetative 
growth generally (1). The range of active concentrations, however, in 
their continuous watering experiments is much lower than those effective 
in the present short-time treatments. More closely related, perhaps, are 
the interesting recent observations of Doak (5), who found a variety of 
nitrogenous compounds, mostly amino-acids and purines, to promote rooting 
in cuttings of a Rhododendron. However, while asparagine was one of the 
most active substances he tested (in agreement with our data), adenine and 
guanine were much less so. The general point that small quantities of 
organic nitrogen enabled considerable rooting to occur remains clear in 
both cases. 

In view of the effectiveness of nitrate, it is possible that the improvement 
in rooting of spruce cuttings caused by nutrient solution (6) is due to the 
nitrate in the solution, particularly since (as shown above) Ca and PO, 
have little influence, while MgSO, has even the opposite effect. 

The usual methods of propagation by cuttings entail more or less com- 








he 
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plete nitrogen starvation of the material. The present results suggest that, 
for some plants at least, this procedure might well be radically revised. 


Summary 


The rooting of isolated leaves of Phaseolus vulgaris, with or without 
attached stem sections, has been studied. 

1. The survival of the cuttings after removal from the plant is greatly 
improved by presence of a portion of stem, and varies roughly with the 
amount of stem attached. 

2. The material *;\«xtremely sensitive to auxin, a concentration of 0.025 
mg. indole-act ‘¢ «vid per liter being the highest that can be applied (for 
24 hours) wi‘ t producing injury. However, auxin treatment in nearly 
all experir «& «siderably increased the number of roots formed per 
rooted cu 

3. Rovuug is slightly depressed by a complete nutrient solution, or by 
the Ca or Mg salts composing it, but is strongly promoted by potassium 
nitrate. Ammonium sulphate, even at high dilution, is inhibitory. The 
growth and maintenance of roots already formed is, however, improved by 
the complete nutrient solution. 

4. Of the organic nitrogen sources studied, adenine was the most effec- 
tive, greatly increasing both the percentage of cuttings which rooted and 
the number of roots formed by each rooted cutting. Asparagine, guanine, 
choline, and uracil were also effective to a lesser extent, in approximately 
that order, while yeast nucleic acid and nicotinic acid showed slight but 
variable effects. 

It is concluded that the nitrogen nutrition of the isolated leaf is of great 
importance in determining both its survival and its root formation. 


The authors’ thanks are due to Dr. FoLKE Skooc for many critical dis- 
cussions and suggestions. 
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TRANSFORMATION OF SUGARS IN EXCISED BARLEY SHOOTS 


BB. M. McCREADY AND W. Z. HASSBID 


(WITH TWO FIGURES ) 


Introduction 


Netson and Aucuincioss (10) working with potato tissue showed that 
sucrose is synthesized from glucose or fructose rather than from starch as 
has been supposed by some investigators. That such a conversion occurs 
in plant metabolism has also been shown by VirTANEN and Norpuunp (14) 
in red clover and wheat plants, and more recently by Harrr (3) in detached 
sugar cane leaves. 

Since sucrose, consisting of a glucose and fructose molecule, can readily 
be synthesized from either of these monosaccharides, it may be assumed 
that such synthesis involves a preliminary conversion of each of these hexose 
sugars into the other. The fructose component of the sucrose molecule 
exists in the furanose form (unstable y form with the five-membered ring) 
and is different from the six-membered fructose (pyranose configuration ) 
from which it can be synthesized. The plant apparently also possesses a 
mechanism to render this transformation possible. The fact that sucrose is 
synthesized when plants are artificially supplied with glucose or fructose 
ean serve indirectly in the study of transformation of other hexoses in the 
plant into these monosaccharides. If, for example, synthesis of sucrose is 
observed after supplying the plant with mannose, it could be assumed that 
a preliminary conversion of the latter into glucose and fructose must take 
place before the synthesis of sucrose occurs. The hexoses that are known 
to occur naturally in plants are: d-glucose, d-fructose, d-mannose, and d- 
galactose ; of these the last two have not been detected in the free state and 
are found in plants only as units in polysaccharides. If, as it is generally 
assumed, some form of glucose is the first product of photosynthesis, the 
plant should possess a mechanism whereby this molecule is transformed into 
mannose or galactose before the synthesis of the corresponding polysac- 
charide can be possible. 

In this investigation, using the infiltration method (8), the following 
compounds were artificially supplied to barley plants: d-glucose, d-fructose, 
d-mannose, d-galactose, sucrose, lactose, maltose, |-arabinose, d-xylose, man- 
nitol, sorbitol, gluconie acid, pyruvic acid, and glyceric aldehyde. The in- 
crease of sucrose was observed after certain periods of time to determine the 
ability of the plant to transform these compounds into glucose or fructose 
and, if possible, to ascertain the mechanism of this transformation. 
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Experimental methods and results 





It is well known that detached leaves or plants detached from their roots 
are capable of carrying on metabolic activities for a considerable length of 
time. Kursanov (8) utilized this fact to study the synthetic and hydro- 
lytic actions of invertase in living plant tissues by his ‘‘ vacuum infiltration”? 
method. This method was effectively used in our investigation of sugar 
transformations in barley plants. Barley plants were grown in half 
strength HoaGLANnp’s culture solution for about 3 weeks. The plants were 
eut above the roots (only the shoots were used) and 5-gm. samples of the 
fresh material were immersed into beakers containing 5 per cent. sugar 
solution. The beakers with contents were placed into a desiccator and 
evacuated to about 20 mm. of mereury for 5 minutes. After evolution of 
the air bubbles from the leaves had ceased, air was slowly re-admitted into 
the desiccator. The intercellular spaces were thereby replaced by the sugar 
solution. The plant material was then taken out of the beakers, and 
allowed to remain in the dark at about 22° C. in an atmosphere saturated 
with water vapor for a certain period of time. The material was then 
thoroughly washed with water, the soluble sugars extracted with boiling 
80 per cent. aleohol and analyzed for reducing sugars by oxidation with 
ferricyanide and titration with ceric sulphate (6, 7) before and after hy- 
drolysis with invertase. Sucrose was determined by the difference. Blank 
samples of 5 gm. fresh weight of the same plant material infiltrated with 
water were run simultaneously. In all cases the samples were run in dupli- 
eate. The results are expressed on the basis of fresh weight. 

Preliminary experiments showed that barley samples infiltrated with 
5 per cent. solutions of glucose, fructose, mannose, galactose, lactose, and 
maltose, and allowed to remain for several hours showed a considerable gain 
in sucrose over the blank samples infiltrated with water. This indicated 
synthesis of sucrose by the plant from these sugars. Since the synthesis 
was measured by difference in sucrose between the sugar and the water 
infiltrated samples, the production of sucrose in these experiments was sub- 
ject to doubt. It should be borne in mind that besides synthesis of sucrose, 
other metabolic processes go on simultaneously in the plant. While syn- 
thesis of sucrose is taking place, glucose or fructose is being used up in 
respiration, and in order to maintain a proper state of equilibrium a certain 
amount of sucrose is hydrolyzed back into these monosaccharides. In the 
samples infiltrated with solutions of monosaccharides, there is an excess of 
hexose sugars available for respiration. The hydrolysis of sucrose into 
glucose and fructose will therefore tend to decrease, and the equilibrium 
represented by the equation: glucose + fructose — sucrose will be shifted 
to the right.. In the water infiltrated samples the tendency of the sucrose 
to hydrolyze is greater, and the equilibrium will be shifted to the left. The 
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difference in sucrose content between the sugar infiltrated sample and the 
blank would therefore not represent the true value of the amount of sucrose 
synthesized. To avoid this difficulty a procedure was adopted to deplete 
the sucrose to a low level, by respiring the barley plants for a certain length 
of time previous to infiltration with the sugar solutions. 

The tendency of sucrose to be depleted first during respiration, while the 
reducing sugars are maintained more or less at a constant level, is shown by 
the results in table I. 


TABLE I 


COMPARISON OF SUCROSE AND REDUCING SUGARS IN EXCISED BARLEY SHOOTS AFTER 
RESPIRATION FOR 24 AND 48 HOURS IN THE DARK AT 22° C, 











: 
| | SUCROSE 
Repucine | Toran PER 5 @M. 
E | : } SAMPLE SUCROSE 
SAMPLE | DESCRIPTION OF SAMPLE at. akon UCROSE eb Seene 
MATERIAL 
% % % mg. 
1 Initial untreated 0.87 1.10 0.22 11.0 
2 Depleted (24 hours) 
in water 0.90 0.90 0.0 0.0 
3 Depleted, then water 
infiltrated 24 hours 0.77 0.77 0.0 0.0 
4 Depleted, then infil- 
trated 5% glucose 
24 hours 1.09 1.43 0.32 16.0 


The untreated sample, no. 1, analyzed immediately after harvesting, con- 
tained 0.87 per cent. reducing sugars and 0.22 per cent. sucrose or 11.0 mg. 
per 5 gm. of fresh weight. After the plants respired in the dark for 24 
hours the reducing sugars remained at about the same order of magnitude, 
0.9 per cent. but the sucrose was all depleted (no. 2 sample). When the 
respired sample, no. 3, was infiltrated with water and allowed to remain 
for another 24 hours, the reducing sugars came down to 0.77 per cent. A 
decrease in the reducing sugars could be observed only after ail the sucrose 
was exhausted. Sample no. 4, which was infiltrated with 5 per cent. glu- 
cose after all the sucrose was depleted, synthesized 16.0 mg. of sucrose per 
5 gm. of fresh weight in 24 hours and contained 1.09 per cent. reducing 
sugars. 

Table II represents results of experiments with barley shoots which re- 
spired in the dark for 24 hours to a low level of sucrose of 1.0 mg. per 5 gm. 
of fresh weight. Samples of these plants were then infiltrated with 5 per 
cent. solutions of glucose, fructose, mannose, galactose, and arabinose and 
allowed to remain for 18 hours. As shown in the table, sucrose was formed 
from glucose, fructose, mannose, and galactose but not from arabinose. 
The relative rate of sucrose synthesis in the plant from these sugars with 
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TABLE II 


SUCROSE SYNTHESIS IN SUCROSE DEPLETED BARLEY SHOOTS AFTER INFILTRATION WITH 


REMAIN FOR 18 HOURS AT 22° C, 








SAMPLE 


DESCRIPTION OF SAMPLE 





respect to glucose was as follows: fructose, 67.5 per cent.; mannose, 





Initial untreated 
Depleted (24 hours) 
in water 
Depleted, then water 
infiltrated 24 hours 
Glueose infiltrated 
Fructose infiltrated 
Mannose infiltrated 
Galactose infiltrated 
Arabinose infiltrated 


REDUCING | ToTAL 
SUGARS SUGARS 
% | % 
0.86 1.14 
0.78 0.80 
0.58 0.60 
0.50 0.97 
0.50 0.83 
1.64 1.89 
1.73 1.88 
1.52 1.52 


per cent. ; galactose, 27.9 per cent. 

Figure 1 gives the results from 8 samples of barley plants which were 
infiltrated with 10 per cent. glucose solution, analyzed for sucrose imme- 
diately, and then the synthesis of sucrose followed at different intervals for 
48 hours. 





5 PER CENT. SOLUTIONS OF VARIOUS MONOSACCHARIDES AND ALLOWED TO 





SUCROSE 


m5 
SUCROSE PER 0 GM. 
OF FRESH 
MATERIAL 
% mg. 
0.27 13.5 
0.02 1.0 
0.02 1.0 
0.45 22.5 
0.31 15.5 
0.24 12.0 
0.14 7.0 
0.0 0.0 














— 
q *_A-GLUCOSE INFILTRATED 
ZB ©. 
—-s 
5% - 2 
be 30 - 
Pr 20 
& B-WATER INFILTRATED 
SH 10 
t ' ia , tT 
10 20 30 40 50 
TIME IN HOURS 
Fic. 1. Synthesis of sucrose from glucose. 





RELATIVE 
RATE OF 

SUCROSE 

FORMATION 


100.0 


51.3 


As seen from curve A the maximum amount of sucrose was synthesized 
after about 18.5 hours (59 mg. per 5 gm.). 
synthesis gradually diminished. 
The entire content of sucrose was depleted from an equivalent sample of 


barley within 24 hours. 
sucrose above the amount depleted during respiration. 


The synthesis of sucrose from galactose is shown in figure 2. 


From then on the amount of 
Line B shows the depletion of sucrose. 


Curve A therefore represents the synthesis of 
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Fig. 2. Synthesis of sucrose from galactose during 20 hours. A, not depleted of 
sucrose before infiltration. B, depleted. C, recrystallized galactose and sample depleted 
before infiltration. 


Galactose was infiltrated into one set of barley samples, originally con- 
taining 23.5 mg. per 5 gm. of fresh weight, analyzed immediately and the 
synthesis of sucrose followed for 18 hours. Since the rate of sucrose forma- 
tion from galactose is not very great (shown in table II, 27.9 per cent. as 
from glucose) it did not exceed the hydrolysis which was apparently simul- 
taneously taking place during respiration. Therefore, not a gain but 
rather a slight loss in sucrose could be observed, as shown by slightly down- 
ward curve A. In a second set of barley plants, however, in which the 
sucrose had been previously exhausted to a low level, a distinct gain of 
sucrose could be observed from galactose, as shown by curve B. 

Since commercial galactose is usually made by hydrolysis of lactose, 
which consists of one molecule of galactose and one molecule of glucose, it 
was tested for purity with respect to glucose contamination. A fermenta- 
tion test with a pure culture of yeast (Torula monosa) showed that the 
galactose contained almost 1 per cent. glucose. The commercial galactose 
was therefore purified by dissolving in water and fermenting the glucose 
and then crystallizing from aleohol. A fermentation test on this purified 
galactose showed no glucose contamination. Curve C shows sucrose forma- 
tion when purified galactose was used. This eliminates the possibility that 
the sucrose could have been formed from the small amount of glucose found 
as an impurity and not from the galactose. 
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Table III shows tlie results of experiments in which barley plants were 
infiltrated with solutions of xylose, maltose, lactose, mannitol, sorbitol, 
glycerie aldehyde, and the sodium salts of gluconic and pyruvic acids. In 
these experiments the plants were depleted of sucrose in the usual manner 
before infiltration with the solutions. A sample of plants was also infil- 
trated with glucose in order to determine the rate of sucrose formation from 
the particular sugar with respect to glucose. 


TABLE III 


SUCROSE SYNTHESIS IN SUCROSE DEPLETED BARLEY SHOOTS AFTER INFILTRATION WITH 5 PER 
CENT. SOLUTIONS OF VARIOUS SUGARS OR RELATED SUGAR COMPOUNDS AND 
ALLOWED TO REMAIN FOR 20 HOURS AT 22° C. 














2 svcnose | BEATE 
Sampie| Description or sampte | REPUCING| TOTAL | o-oRose | PER 5 GM-| CC oRosE 
SUGARS | SUGARS OF FRESH 
weigHtT | FORMA- 
TION 
% %o | % | mg. 
1 | Initial—after depletion | 1.2% : S25" | ae 9.5 
2 | Depleted, then water in- 
filtrated (20 hours) | 0.79 0.90 0.10 | 5.0 
3 Glueose infiltrated | ae 2.58 0.74 | 37.0 100.0 
4 Xylose infiltrated 2.34 2.47 6.18 | 6.0 
5 Maltose infiltrated 2.09 2.90 0.77 38.5 105.0 
6 Lactose infiltrated 2.03 2.60 0.54 27.0 68.8 
7 Mannitol infiltrated | 0.79 0.92 0.12 6.0 
8 Sorbitol infiltrated 0.60 0.67 0.07 3.5 
9 Glyceric aldehyde 1.00 1.40 0.38 19.0 43.8 
10 Gluconie acid (Na salt) 1.20 1.37 0.16 8.0 
11 Pyruvie acid (Na salt) | 0.70 0.88 | O17 | 8.5 


| 


Sucrose was formed in the barley plants from maltose, lactose, and 
glyceric aldehyde. The rate of sucrose synthesis from these sugars with 
respect to glucose is 105 per cent., 68.8 per cent. and 43.8 per cent. respec- 
tively. It is of interest to note that the disaccharides, maltose and lactose, 
are used by the plants for the synthesis of sucrose and that maltose is util- 
ized to about the same extent as glucose. Apparently the barley plant pos- 
sesses enzymes which readily hydrolyze these disaccharides to their respec- 
tive monosaccharides, which are then used for sucrose synthesis. Xylose, 
mannitol, sorbitol, and the salts of gluconic and pyruvie acids were not 
utilized. The utilization of a pentose sugar for sucrose synthesis would 
require an additional carbon atom for the preliminary formation of a hex- 
ose. Evidently the barley plant does not possess a mechanism for such a 
transformation. There are apparently also no enzymes which could reduce 
sugar acids or oxidize sugar alcohols to their corresponding aldohexoses. 


The formation of a considerable amount of sucrose from glyceric aldehyde 
shows that the plant is able to condense this tricarbon compound to glucose 
or fructose. 
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In table IV the results with etiolated plants are presented. The plants 
were germinated and grown in a culture solution in the dark for about 2 
weeks ; they were light yellow and absolutely devoid of chlorophyll. 


TABLE IV 


SUCROSE SYNTHESIS IN ETIOLATED BARLEY SHOOTS INFILTRATED WITH 5 PER CENT. SOLU- 
TIONS OF VARIOUS SUGARS, AFTER RESPIRATION IN THE DARK FOR 24 HOURS, 
AND THEN ALLOWED TO REMAIN FOR 18 HOURS AT 22° C. 





—= 
SUCROSE 





SAMPLE DESCRIPTION OF SAMPLE | ww = SUCROSE | aaa Frit 
| ‘WEIGHT 

% % % | mg. 

Initial untreated 0.50 0.50 0.0 0.0 

2 Depleted for 24 hours 0.42 0.42 0.0 0.0 

3 Glucose infiltrated 1.30 1.83 0.50 25.0 

4 Sucrose infiltrated 1.14 1.66 0.49 24.5 

5 Maltose infiltrated 0.87 1.41 0.51 25.5 


6 Galactose infiltrated 1.30 1.58 0.27 13.5 





Sucrose formation takes place in barley plants which are devoid of 
chlorophyll. The etiolated plants did not contain any sucrose (sample 
no. 1). Sample no. 4, infiltrated with sucrose, did not raise the sucrose 
content above the one infiltrated with glucose; instead, it raised the value 
of reducing sugars. -As shown in the table IV, the value of the reducing 
sugars in the blank sample after respiration for 24 hours was 0.42 per cent. 
After being infiltrated with glucose and allowed to remain for 18 hours, the 
respired barley plants contained 0.50 per cent sucrose and 1.30 per cent. 
glucose. The plants infiltrated with sucrose and allowed to remain for the 
same period of time, contained about the same amount of sucrose, 0.49 per 
eent., and 1.14 per cent. reducing sugars. It appears that an excess of 
reducing sugars induces synthesis of sucrose, while an excess of sucrose 
favors the reverse process, hydrolysis. 

In order to show whether the synthesis of sucrose from a monosaccharide 
requires oxygen, the following experiment was carried out: barley samples 
infiltrated with 5 per cent. glucose were placed in 3 desiceators. The first 
contained air saturated with water vapor, in the second the air was replaced 
by oxygen, and in the third by nitrogen. The plants were allowed to 
remain in the dark for 24 hours. Originally they contained 47.5 mg. of 
sucrose per 5 gm. of fresh weight, and respired for 36 hours to a level of 
19.5 mg. The results are shown in table V. 

Sample no. 4, in the air, synthesized 58.5 mg. per 5 gm. of tissue. When 
the air was replaced by nitrogen only 22.5 mg. of sucrose per 5 gm. of tissue 
were synthesized, a value slightly higher than the blank, 19.5 mg. Sample 
no. 3, in pure oxygen synthesized 63.0 mg. of sucrose per 5 gm. of tissue, a 
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TABLE V 


SUCROSE SYNTHESIS IN BARLEY SHOOTS INFILTRATED WITH 5 PER CENT. SOLUTIONS OF 
GLUCOSE AND EXPOSED TO AN ATMOSPHERE OF AIR, NITROGEN, 
AND OXYGEN FOR 24 HOURS AT 22° C. 


























SUCROSE 

SAMPLE DESCRIPTION OF SAMPLES REDUCING Toran SUCROSE PEE 5 GM. 

SUGARS SUGARS | OF FRESH 

WEIGHT 
% % % mg. 

1 Initial after deple- 

tion (in air) 1.37 1.78 0.39 19.5 
2 Nitrogen 2.00 2.47 0.45 22.5 
3 Oxygen 2.03 3.36 1.26 63.0 
4 Air 2.10 3.33 1.17 58.5 





value slightly higher than in ,air. This indicates that the synthesis of 
sucrose is an aerobic, or at least partly aerobic, process. 

Invertase is generally considered to be specific for sucrose. The ques- 
tion of strict specificity of this enzyme is of prime importance in this inves- 
tigation, since the conclusion that sucrose is synthesized from supplied 
monosaccharides rests entirely upon this assumption. There is a possibil- 
ity that a compound other than sucrose might be formed which could be 
hydrolyzed by invertase. For example, when the plant is supplied with 
mannose or galactose, some non-reducing disaccharide might be formed 
which would also be subject to the attack of invertase. The release of free 
monosaccharides would produce a high reducing value similar to the 
hydrolysis of sucrose. If the reducing value, after invertase hydrolysis, is 
in reality due to sucrose (since sucrose contains a molecule of fructose) half 
of the increase of that value should be approximately equal to a correspond- 
ing increase in fructose. To verify this point, barley plants were infiltrated 
with 5 per cent. solutions of glucose, mannose, and galactose, and the in- 
crease in sucrose obtained by the invertase method was compared with the 
increase in fructose determined by Rogr’s method (11). 

The results in table VI show that, after supplying galactose or mannose, 
the increase in the reducing value, by hydrolysis with invertase, corresponds 
approximately with the increase in fructose. This indicates that the carbo- 
hydrate synthesized is sucrose. 

Discussion 


The synthesis of sucrose in barley when either glucose, fructose, man- 
nose, or galactose is supplied, indicates that there is a mechanism in the 
plant, which renders the conversion of these monosaccharides possible. 
Hartt (4) working with blades of sugar cane found that mannose was not 
utilized to form sucrose. The power of interconversion of the different 
monosaccharides apparently is dependent on the enzymic system and varies 
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with different plants. The mutual interconversion of glucose, fructose, 
and mannose can be accomplished in vitro in very dilute alkaline solution 
through the Lopry-Bruyn enolic transformation. Because of the ease with 
which glucose and fructose are interconverted in plants, it is considered pos- 
sible that the transformation takes place through this mechanism. The fact 
that mannose was also found to be converted to glucose and fructose in the 
barley plant strengthens the view that the interconversion of these three 
monosaccharides in the plant takes place by the mechanism of enolization, 
but there is still no experimental evidence to support this assumption. It 
is even more difficult to account for the transformation of galactose into 
glucose, since this sugar has no common enolic form with glucose or fruc- 
tose. The theoretically possible change of position of the fourth hydroxy! 
group in the glucose molecule by the mechanism of the WALDEN inversion, 
whereby it could be converted.into galactose, also has no experimental 
proof. 

The existence of hexosephosphates in plants shown by several investi- 
gators (1, 7, 13) in recent years strongly indicates that phosphorus plays 
an important role in the mechanism of sucrose formation. The isolation of 
a mixture of glucose and fructose-phosphorie acid esters from pea leaves by 
one of the writers (7) suggests that phosphorylation of the glucose and 
fructose components is probably a necessary step in the synthesis of sucrose 
in the plant. Support of this view can be found in the work of KursANov 
and Kryuxova (9). These authors showed that synthesis of sucrose in 
chicory and sugar beet leaves was always accompanied by an accumulation 
of phosphoric esters, also the synthesis of esters by sucrose synthesis. 
Under conditions of phosphate deficiency the capacity of the plant to syn- 
thesize sucrose decreased considerably. The introduction of phosphate in 
such plants restored their normal synthetic capacity. Syssakyan (12) has 
also found that in the case of phosphorus-starved sugar beet leaves, the 
synthesis of sucrose was inhibited to a considerable extent as compared with 
normal plants. Hanegs’s (2) recent important contribution, that of syn- 
thesizing starch from glucose-l-phosphate in the presence of phosphorylase 
from potato tubers, demonstrates the important réle of phosphorus in the 
mechanism of carbohydrate synthesis. It is suggested that in the intercon- 
version of monosaccharides some intermediate phosphorylated compound 
might also be involved. 

Mannitol, sorbitol, and gluconic acid were not utilized by barley to form 
sucrose. Apparently the plant did not contain any enzymes which could 
oxidize the sugar alcohols or reduce the sugar acid. The formation of 


glucose from glyceric aldehyde indicates that sugars may be formed from 
tricarbon atom compounds containing a reducing group. 
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Summary 


1. Sucrose can be synthesized in barley plants when either of the follow- 
ing monosaccharides are supplied: glucose, fructose, mannose, and galac- 
tose. It is therefore evident that the plant possesses a mechanism to con- 
vert these monosaccharides into glucose or fructose. 

2. Maltose and lactose can also be utilized by barley for sucrose forma- 
tion. The plants, apparently, possess enzymes which are able to hydrolyze 
these disaccharides to their respective monosaccharides, which are then 
used for the synthesis of sucrose. 

3. Synthesis of sucrose from monosaccharides can take place in etiolated 
plants in the dark. The process is therefore independent of light and does 
not require chlorophyll. 

4. Arabinose, xylose, mannitol, sorbitol, and gluconic and pyruvie acids 
were not utilized by the plant for sucrose formation. 

5. When excised barley shoots respired for 24 hours the sucrose 
gradually diminished, apparently due to hydrolysis, but the reducing sugars 
remained approximately at a constant level throughout that period. It 
was only after the sucrose was entirely depleted, that a diminution in the 
reducing sugars could be observed. It was also shown that an excess of 
reducing sugars induces synthesis of sucrose, while an excess of sucrose 
favors the reverse process, hydrolysis. 

6. Synthesis of sucrose did not occur without the presence of oxygen, 
which indicates that this process is aerobic. 


The authors are indebted to Proressor D. R. HOAGLAND for his interest 
and valuable suggestions during the course of this investigation. 
DIVISION OF PLANT NUTRITION 
UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 
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REFRACTIVE INDEX AS AN ESTIMATE OF QUALITY 
BETWEEN AND WITHIN MUSKMELON FRUITS"? 


T. M. CUBRBRENCE AND RUSSELL LARSON 


(WITH TWO FIGURES) 


Introduction 

Many difficulties arise in connection with testing the eating quality of 
fruits. Table quality depends on taste to a great extent, and uniform agree- 
ment among different individuals as to the desirability of certain flavors 
seems to be an elusive objective. An evaluation may be obtained by getting 
numerous estimates in quantitative classes and averaging them. This, how- 
ever, is laborious and generally too tedious for extensive use. The present 
work on muskmelons arose in connection with varietal improvement studies 
with this crop. It was evident that a heterozygous population produced 
progenies with wide differences in quality that were traceable to quality 
differences in their parents. Inconsistencies in such observations, however, 
indicated the desirability of more accurate determinations of quality than 
was possible by having a few individuals taste the fruits and give them 
quality ratings. Use of the hand refractometer that is commonly used in 
rapid testing of sugar beet juice for sugar content appeared to offer a solu- 
tion to the problem, provided it gave a reliable index to eating quality. 
This method has been used by different workers (1, 2) for testing melon 
quality but there has not appeared in the literature any information as to the 
degree of error that may be involved when quality is estimated by this 
method. The data which follow are intended to show mainly the mathe- 
matical relation between such refractometer readings and quality ratings 
when the latter is determined by a number of organoleptic tests and to com- 
pare the variation that was found in such tests with the variation in estimates 
based on refractometer readings. 


Materials and methods 

In the initial study, juice of 30 muskmelons was tested by means of a Zeiss 
hand refractometer, a rapid and simple test for total soluble solids contained 
in the juice. Whereas the index of refraction of a substance is the ratio of 
the sine of the angle of incidence to the sine of the angle of refraction, the 

1Paper no. 1772 of the Scientific Journal Series of the Minnesota Agricultural 
Experiment Station. 

2 Assistance in the preparation of this material was furnished by the personnel of 
the Works Progress Administration, Official Project no. 465-71-3-350. Sponsor: Uni- 
versity of Minnesota. 


611 








612 PLANT PHYSIOLOGY 


scale of the Zeiss hand refractometer is graduated from 0 to 30 in per- 
centage of dry substance in the solution. The indices of refraction for 0, 
5, 10, 15, 20, 25 and 30 per cent. by weight of aqueous sucrose solutions at 
20° C. are 1.3330, 1.3403, 1.3479, 1.3557, 1.3639, 1.3723, and 1.3811 respec- 
tively. 

The strains represented were progenies of a single heterozygous plant with 
varying amounts of inbreeding and selection covering one to five generations. 
The pedigree of the original plant is not known, but it is certain from types 
segregated that honeydew entered into the parentage. The samples of juice 
for refractometer tests were taken from the central area of the fruits and the 
fruits were then rated for quality by 19 people. Five arbitrary classes were 
set up ranging from one to five, with one being the lowest class for eating 
quality and five being the highest. Only whole numbers were used by the 
testers in rating the fruits. The readings obtained were averaged for each 
of the fruits and this mean was ‘used as the quality rating of the respective 
melon. 

A second set of observations, somewhat similar but differing in certain 
details, was collected. Ten fruits taken at random from a field of mixed 
strains were tested by the refractometer, juice being taken from the central 
area of the fruits. The fruits were quartered by cutting them longitudinally 
and transversely, the longitudinal cut being made as nearly as possible 
parallel to the surface of the ground upon which the melon rested as it 
developed. Figure 1 illustrates the four sections and the identifying num- 
bers. It is obvious that a larger number of fruits would have been desirable 
but it was thought that 40 samples was near the maximum number that could 
be properly tested by an individual at one time. 


Fie. 1. The cuts made to divide muskmelon fruits into four sections and the respec- 
tive numbers of the sections. 


The 40 sections were each tested by the hand refractometer and laid out 
atrandom. Then eighteen persons tested, independently, each of the 40 sam- 
ples and rated them for quality in classes ranging from one to five. This 
arrangement provides comparisons and tests of different parts of the fruits 
which were not possible in the original test. 
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Results 
DATA ON QUALITY FROM THE INITIAL TEST 


The analysis of variance for the first test is summarized in table I. It 
is evident that fruits differed significantly in quality, and that the testers 
differed significantly in rating them. The F value exceeds the 1 per cent. 








TABLE I 
ANALYSIS OF VARIANCE OF QUALITY RATINGS ON 30 MUSKMELON FRUITS 
| DEGREES OF SuM OF MEAN m STANDARD 

J J y i » | | 

SOURCE OF VARIATION | FREEDOM SQUARES SQUARE | F | ERROR 
Melons eae 29 223.0 7.70 “ 

Testers - 18 71.0 3.94 x ; 
Error (melons x testers) 522 452.3 0.866 0.930 
Total 569 746.3 s 








* Exceeds 1 per cent. point. 


point in both instances. The standard error of 0.930 indicates the high 
degree of variability that occurs from such a test. The standard error of 
0.930 

the mean of 18 tests is V8 or 0.219 which is taken as the standard error of 
the melon means. A difference of approximately 0.620 between means is 
statistically significant and one of 0.850 is highly so. Calculations show that 
ratings by 7 testers would have been needed to establish the statistical 
significance of a difference of one class between two melons. This emphasizes 
the relationship of taste variations to measurement of quality differences. 
The relationship is more emphatic if the calculation is made to find the num-_ 
ber of tests needed to establish statistical significance of a difference of 0.5 
of a class. It is found that the standard error of the mean must reduce 
to 0.176 which would require approximately 28 observations. ! 

The refractometer readings as shown in table 6 cover a wide range and 
undoubtedly represent melons of several distinct classes. The relation of 
these’results to the quality ratings will be discussed more fully under the 
heading of correlation. 


DATA ON QUALITY FROM THE SECOND TEST 


The possibility that the blossom end of a muskmelon is higher in quality 
than the stem end is frequently encountered and likewise it is possible that 
the top and bottom halves of the fruit differ in quality. In order to test 
these possibilities, the analysis of variance was made as summarized in table 
II. Since this analysis shows the sections to be significantly different, it is 


desired to compare the means for differences. Figure 2 A is a diagrammatic 


presentation of the quality means of the four sections. <A difference of 








- ie 


614 


PLANT PHYSIOLOGY 


TABLE II 


ANALYSIS OF VARIANCE FOR QUALITY SCORES OF FOUR SECTIONS OF EACH OF 10 MUSKMELON 
FRUITS BASED ON INDIVIDUAL ESTIMATES OF 18 TESTERS 

















ve DEGREES OF SuM or | MEAN ‘ STANDARD 

SOURCE OF VARIATION FREEDOM SQUARES SQUARE ¥ ERROR 
Testers j 17 78.28 4.61 t 
Melons s 9 375.73 41.75 t 
Sections 3 12.97 4,32 " 
Melons x sections 

error (A) ....... es 27 37.84 1.40 | t 1.18 
Testers X melons ..... 153 240.00 1.57 t 
Error (B) | 6510 | 324.18 0.64 | 0.80 
Total aa 719 1069.00 


* Exceeds 5 per cent. point. 
+t Exceeds 1 per cent. point. 





approximately 0.211 is significant and one of approximately 0.286 is highly 
significant. Therefore, although the difference is small, section 2 differs 
significantly from the other three sections but none of these differ among 
themselves by statistically significant amounts. It is apparent that quality 
ratings differed between halves of the fruits. The blossom end was slightly 
but significantly higher than the stem end, and the bottom half was in- 
significantly higher than the top half. 

The means of the halves have a standard error of 0.062. These are also 


A B c 





Sig. Dif. = 0,211 Sig. Dif. = 0.150 Sig. Dif. = 0,150 





Sig. Dif. 


= 0,757 Sig. Dif. = 0,535 Sig. Dif. = 0.535 


Fig. 2. Diagrammatic presentation of quality ratings A, B, and C and refractometer 


readings D, E, and F of different areas of muskmelon fruits. 
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shown diagrammatically in figures 2 B and2C. A difference of 0.150 be- 
tween these. is statistically significant and one of 0.202 is highly so. It is 
apparent that the two ends of the fruit show a difference that is significant. 
In the case of the upper and lower halves, the difference is smaller and does 
not reach the five per cent. point. The odds, however, are approximately 
12:1 against a difference of this size being the result of random samples. 
The data definitely seem to suggest minor differences in quality between 
various parts of the fruits and therefore the desirability of defining areas 
when the fruits are tested for quality. 

The interaction sums of squares, shown in table II, are of some interest. 
That of testers x melons, being significant, indicates that various testers 
rated the same melons differently. Stated otherwise, the quality of a melon 
may appeal to a certain tester but would rate low in the opinion of another. 
Thereby the point is illustrated that individual estimates vary as to what 
constitutes desirable or undesirable quality. The detailed results on this 
interaction are shown in table III. The differences in estimates may be 
readily seen by observing a typical case such as the ratings given melons A 
and I by testers 11 and 13. 


TABLE III 


THE QUALITY RATINGS OF 10 MUSKMELON FRUITS AS DETERMINED BY 18 TESTERS 
RATING FOUR SAMPLES OF EACH FRUIT 











MELON 
TESTER }————-____----—- MEAN 
A B Cc D| E | F G H I J 
‘thine — s 1 = | 
1 3.50 | 2.00| 4.25 | 2.00] 1.00] 3.00| 2.00| 3.00| 1.75 | 2.75 | 2.52 
2 4.25 | 2.50 | 5.00 | 1.75 1.00 | 4.00 | 2.25 | 2.75 3.00 | 1.25] 2.77 
3 | 3.00 | 2.25 | 4.75 | 2.00 | 1.00| 3.75 | 3.00 | 2.75 | 2.75 | 3.75 | 2.90 
| 3.00 | 1.00} 3.50 | 2.75 | 1.00 | 2.50 | 3.00 | 1.50 | 2.75 | 1.75 | 2.27 
5 | 2.00 | 1.25 | 2.00 | 1.75] 1.50] 2.00 | 2.25 | 2.50 | 2.50] 1.00 | 1.87 
5 6 | «1.75 | 3.00 | 5.00 | 2.00 | 1.25] 2.50 | 2.50 |. 1.50 | 3.75 | 1.50] 2.47 
7 | 2.50! 2.00 | 3.00 | 3.00 1.00 | 2.75 | 1.75 | 2.00 | 3.75 | 1.25 | 2.30 
8 | 3.50 2.25 | 3.25 | 2.75 | 1.00] 3.00 | 2.75 | 2.75 | 4.50] 3.25 | 2.90 
9 3.50 3.00 4.50 2.50 1.25 | 3.00 2.75 2.00 3.75 3.00 2.92 
10 3.50 | 2.00 | 4.50 | 3.00 | 1.00] 3.25 | 2.25 | 2.25 | 3.75 | 2.75 | 2.82 
11 3.75 | 1.00 | 4.00 | 2.00 | 1.50 | 3.50 | 1.75 | 2.00 | 2.75 | 1.50 2.37 
12 2.75 2.75 5.00 3.75 1.25 3.00 3.00 2.50 3.75 3.50 3.12 
13 1.25 | 1.75 | 4.75 | 2.50 | 1.00] 2.50 | 2.75 | 2.75 | 4.25 | 125 | 2.47 
14 3.75 | 1.75 | 4.50] 1.75 | 1.00] 2.75 | 1.75 2.50 | 3.25 | 1.50] 2.45 
15 2.50 | 2.75 | 2.00 | 3.50 | 1.00 | 3.75 | 2.25 | 2.00 3.25 | 1.25 2.42 
16 | 2.75 | 1.75 | 3.25 | 2.00 | 1.00] 2.25 | 2.50 | 1.50 3.50 | 1.50 | 2.20 
17 | 1.75 | 1.25 | 3.25 | 2.50 | 1.25] 2.00 | 2.25 | 2.50 3.50 | 1.00! 2.12 
18 | 1.75 | 2.50] 2.25 | 2.75 | 1.00} 2.50 | 2.25 | 1.50| 3.50] 1.50 2.15 
Mean | 2.82 | 2.04 | 3.82 2.46 1.11 2.89 | 2.39 | 2.24 3.33 1.96 


The melons x sections interaction was significantly greater than that for 
error (B). Table IV shows the data on this interaction. It is evident that 
considerable variation occurred in a certain section for different melons. 
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TABLE IV 


QUALITY RATINGS FOR FOUR SECTIONS OF EACH OF 10 MUSKMELON FRUITS AS 
DETERMINED BY 18 TESTERS PER SAMPLE 




















SECTION OF MELON 
MELON —_———— - — MEAN 
1 2 3 4 
A 2.78 1 2.89 2.67 2.94 2.82 
B 2.17 1.78 2.39 1.83 2.04 
Cc 4.11 3.33 4.33 3.50 3.82 
D 2.11 2.39 2.44 2.89 2.46 
E 1.22 1.00 1.05 1.17 1.11 
F 3.06 2.67 3.06 2.7 2.89 
G 2.72 2.00 2.17 2.67 2.39 
H 2.39 1.94 2.22 2.39 2.23 
I 2.94 3.06 3.83 3.50 | 3.33 
J 2.44 1.78 1.94 1.67 1.96 
Mean 2.59 2.28 2.61 2.53 





The interaction can be visualized by noting that section 1 had the highest 
rating in three of the fruits, sectidn 2 in none of them, section 3 in three, and 
section 4 in two fruits. In two cases there was an equal rating between 
sections for the highest score ; one and three in the case of fruit F, and one and 
four for fruit H. Thus, it is seen that although section 1 had the high score 
in most eases, section 3 had the highest general average, and that the section 
ratings differed in different melons. 


CONSISTENCY OF EXPERIENCED TESTERS 


Considering the variation in estimates by the organoleptic tests the ques- 
tion may arise as to the possibility of reducing this if the individuals making 
the ratings have had previous experience at it. It may be possible that 
extensive sampling would enable an individual to be more consistent in his 
ratings. Three of the samplers in the second test were individuals who had 
had considerable experience at testing various fruits and vegetables in re- 
search work. Attempting to determine the effect of this background on 
their comparative ratings, correlation coefficients were calculated between 
the mean melon ratings of each of these three and the mean of each melon 
for 12 of the other testers. The scores of the three remaining testers were 
also correlated with the scores of the 12 combined and were found to give 
essentially the same correlations as that for the experienced testers. It 
appears in this instance, that the experienced testers were not superior over 
three testers selected at random in estimating the mean of several tastes. 


REFRACTOMETER DATA FROM THE SECOND TEST 


When the 40 refractometer readings are divided and analyzed, as shown 
in table V, it is seen that statistical significance between sections is not indi- 
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cated although the quality differences shown by figures 2 A, 2 B, and 2 C, are 
significant.. This suggests that the quality score differences for different sec- 


TABLE V 


ANALYSIS OF VARIANCE FOR 40 REFRACTOMETER READINGS ON FOUR SECTIONS OF 
EACH OF 10 MELONS 





SOURCE OF DEGREES OF SUM OF [ MEAN F STANDARD 
VARIATION FREEDOM SQUARES | SQUARE | ERROR 
tet SARIS i ea ST 2S bit a Ree ae 
Melons : 9 | .22795 | 2414 | * 
Sections 3 4.24 1.41 
Error | 27 18.51 0.68 0.825 
Total Paria | 39 | 240.78 





* Exceeds 1 per cent. point. 

tions were possibly the result of factors other than soluble solids, as indicated 
by the refractometer readings. Tucker (4) has shown that the sugar con- 
tent varies in different parts of a watermelon fruit. Scorr and MacGIL- 
LIVRAY (3) obtained uniform readings in soluble solids for longitudinal 
sections of muskmelons but found an increasing gradient from the stem to 
the blossom end for cross sections. In the present study the odds for some 
of the comparisons, although not 20: 1, are rather high. As example, section 
3 compared with section 4 gives odds of 7: 1; and the top half compared with 
the bottom half gives odds of approximately 15:1. It is of interest that these 
differences are not in the same relationship as the differences between the 
quality scores. This seems to be further evidence that the quality differences 
between sections may result from factors other than sugar content. From 
the above it is understandable that the analysis of covariance failed to show 
significant correlation between quality score and refractometer readings 
within fruits although it was quite definite between fruits. 


CORRELATION DATA 


The correlation coefficient for the first set of data calculated between the 
refractometer readings and the quality score means shown in table VI is 
+ 0.636 and is highly significant. The regression of quality on refractometer 
reading is 0.167. This is the average amount by which the quality score 
varied with a unit change in refractometer reading. Using this regression 
coefficient and a refractometer reading, it is possible to estimate the quality 
score. The accuracy of the estimate is indicated by the last column in table 
VI. The standard error of estimate is 0.493, which may be considered as an 
average of the differences between observed and estimated quality. This is 
a decidedly lower value than the standard error of 0.930 shown in table I. 

In the second test, having the correlation broken up, it is possible to con- 
sider the relationship for within melons and between melons by Fisher’s 
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TABLE VI 


REGRESSION OF QUALITY ON REFRACTOMETER READING FOR MUSKMELONS (QUALITY RATING IS 
THE MEAN AS DETERMINED BY THE ESTIMATES OF 19 INDIVIDUALS 
GIVING RATINGS OF 1 TO 5 FOR QUALITY ) 








FRUIT No. REFRACTOMETER OBSERVED ESTIMATED OBSERVED — 
READINGS QUALITY QUALITY ESTIMATED 
1 12.0 2.63 3.03 — 0.40 
2 11.8 2.37 3.00 — 0.63 
3 9.5 1.95 2.60 — 0.65 
4 12.8 2.47 3.17 — 0.70 
5 8.5 1.58 2.45 — 0.87 
6 11.0 2.79 2.87 — 0.08 
7 13.4 3.68 3.27 0.41 
8 11.2 2.89 2.89 0.00 
9 12.0 3.10 3.03 0.07 
10 8.0 2.63 2.36 0.27 
11 9.2 3.42 2.56 0.86 
12 12.5 3.05 3.12 — 0.07 
13 13.0 3.26 3.20 0.06 
14 7.6 2.74 2.30 0.44 
15 } 8.2 2.11 2.40 — 0.29 
16 9.2 3.37 2.56 0.81 
17 8.4 3.26 2.33 — 0.93 
18 13.4 2.95 3.27 — 0.32 
19 10.0 2.89 2.70 0.19 
20 6.8 1.79 2.16 — 0.37 
21 9.4 2.58 2.60 — 0.02 
22 8.0 2.11 2.36 — 0.25 
23 14.0 3.37 3.36 0.01 
24 9.4 3.05 2.60 0.45 
25 12.2 3.16 3.07 0.09 
26 9.4 2.58 2.60 — 0.02 
27 6.2 2.00 2.06 — 0.06 
28 5.0 1.37 1.86 — 0.49 
29 7.0 1.95 2.20 — 0.25 
30 10.8 3.89 2.83 0.96 
| | 





analysis of covariance method. A regression coefficient for between melons 
is arrived at as well as one for the association within melons or between sec- 
tions. As previously stated, however, it was found that the correlation 
within fruits was not significant, and the correlation between refractometer 
reading and quality score mean for between fruits was essentially the same 
as that for total. Furthermore, the one refractometer reading originally 
taken on the 10 fruits when correlated with the quality means gave approxi- 
mately the same value as that when the mean of four refractometer readings 
was used. 

Inasmuch as this single reading approximates the results of the more 


extensive readings and represents considerable saving in time, it seems 
desirable to limit further analysis to the one reading data. The correlation 
coefficient between this value and quality score is + 0.862 and is highly 
significant. The regression of quality on refractometer reading is 0.264 in 
this instance. The weight in grams of the 10 melons also was correlated with 
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quality, the value being + 0.655 and slightly above the five per cent. point. 
This is surprising and the relationship probably is not generally true of 
muskmelon fruits. Fruit size being a character easily measured, however, 
it should be more adequately studied in relation to quality between types as 
well as within uniform strains. The multiple correlation coefficient between 
the three measurements was found to be + 0.909. As shown by table VII, the 
standard error of estimate is 0.342. Based on this 10-melon sample, it is 
apparent that estimating quality from the multiple regression is relatively 
accurate. 
TABLE VII 


REGRESSION OF QUALITY SCORE ON FRUIT SIZE AND REFRACTOMETER READINGS FOR 
MUSKMELON FRUITS (QUALITY RATINGS DETERMINED BY 18 INDIVIDUALS 
MAKING FOUR TESTS PER FRUIT) 











REFRAC- OBSERVED | 
FRUIT IDEN- | WEIGHT IN | the sg cnt ie ESTIMATED Boae ye 
TIFICATION GRAMS TOMETER QUALITY QUALITY | DIFFERENCE 
| READING RATING | 
A 1490 10.4 2.81 2.22 0.59 
B 1350 11.0 2.04 2.33 - 0.29 
Cc 3850 13.3 3.82 3.69 0.13 
D 1290 12.2 2.45 2.63 — 0.18 
E 970 6.0 1.11 90 0.21 
F 2000 12.6 2.88 2.95 — 0.07 
G 2640 11.0 2.38 2.72 — 0.34 
H 1550 9.6 2.23 2.02 0.21 
I 1380 13.8 3.33 3.08 0.25 
J 1600 10.9 | 1.95 2.38 - 0.43 








Comparing the respective standard errors, it is noted that the above 0.342 
is approximately equal to that of 12 testers sampling by tasting, since 1.18 
divided by the square root of 11.9 approximately equals 0.342. Thus, it 
seems that the simple weight and refractometer tests were useful tools for 
calculating eating quality under the conditions of this test. The ecaleula- 
tion for getting the estimated quality is 0.0003 times the weight in grams plus 
0.264 times the refractometer reading and this sum minus 0.975. Although 
the calculation is a simple one, a melon breeder would seldom use it in testing 
selections. The simple procedure of comparing refractometer readings 
would suffice in most instances. 


Summary and conclusions 


Thirty muskmelons representing a mixture of types were tested for the 
percentage of soluble solids in the juice by means of a hand refractometer. 
The melons were then rated quantitatively in ascending classes from one 
to five by 19 people tasting them. Analysis of the data indicates that the 
melons were significantly variable in quality and that testers varied 
significantly, some tending to rate the fruits low and others to rate them 
high. The standard error of 0.930 illustrates the difficulty of satisfactorily 








| 
| 
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classifying the fruits by tasting unless the mean of a number of opinions is 
obtained. Ratings by three experienced testers did not approach the mean 
scores appreciably more closely than the ratings of three testers selected at 
random. ‘ 

In a second test, 10 muskmelon fruits were cut into four sections after 
they were tested by the refractometer. Each section was tested separately 
by the refractometer and also rated for quality by 18 testers. The results 
indicate slight but significant differences in quality between different 
parts of the fruits. The blossom end averaged higher than the stem 
end. The bottom half was not significantly higher than the upper half. 
Interaction data show poor agreement among the different individuals in 
rating the fruits for quality. Also it is shown that certain sections were 
high in some melons and low in others. Analysis of the refractometer 
readings do not show statistically significant differences between the different 
parts of the fruits and such differences as did occur were somewhat opposed 
to the differences in quality. It is, therefore, suggested that the quality 
differences between sections may have resulted from factors other than those 
measured by the refractometer. 

For the first set of data, quality rating estimates based on the regression 
of quality on refractometer readings gave an error of estimate appreciably 
lower than the standard error by tasting. A correlation coefficient of + 0.636 
and a regression coefficient of 0.167 were found. In the second lot of data, 
there was positive correlation between fruit weight and quality score 
(+ 0.655) as well as between refractometer reading and quality score 
(+ 0.862). Using multiple regression the error of estimate was further 
reduced so that it approximately equals the standard error of the mean of 12 
samplers. The coefficient of correlation for the three characters is + 0.909. 
The information on the relation between fruit size and quality is thought to 
be incomplete but the extent to which refractometer readings can be used in 
estimating muskmelon quality is considered well demonstrated by the fore- 
going material. 


THE MINNESOTA AGRICULTURAL EXPERIMENT STATION 
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SOME EFFECTS OF SUPPLEMENTARY ILLUMINATION WITH 
MAZDA LAMPS ON THE CARBOHYDRATE AND 
THE NITROGEN METABOLISM OF THE 
ASTER (CALLISTEPHUS CHINENSIS 
VAR. HEART OF FRANCE) 


RAYMOND WENGER 
(WITH TWO FIGURES ) 


Introduction 


Greenhouse crops show marked responses to supplementary artificial 
lighting with Mazda lamps (4). The present study was undertaken to 
determine whether there are differences in composition between groups of 
asters subjected to various supplementary light intensities and those which 
did not receive supplementary light ; and to further ascertain if these differ- 
ences in chemical composition, especially carbohydrates and nitrogenous 
compounds, can be correlated with the responses of the aster. This plant 
was chosen because it blooms in a long day and is suitable for study in 
short day. 

GARNER and ALLARD (3) found that many of the plants with which they 
worked might be classified according to the length of day which favors their 
reproductive processes, namely: (a) short day type, (b) long day type, and 
(c) indeterminate type. MurNEEK (7), and Parker and Bortuwick (10) 
have shown that flower primordia can be initiated in Biloxi soybeans by 
subjecting the seedlings to a short day of 7 to 8 hours. After this induction 
period, the plants grown in a short photoperiod fruited while those grown 
in a long photoperiod remained vegetative. MURNEEK (7) points out that 
whether plants are vegetative or reproductive is apparently brought about 
directly by the length of day. PARKER and BorTHwWICcK state that changes 
in chemical composition that can stand in causal relationship to the initiation 
of flower primordia must occur before initiation can take place. 

The work of Kraus and Kraysitt (6) has shown that the type of re- 
sponse in the tomato plant is associated with the carbohydrate content in 
relation to the available nitrogen supply. NIGHTINGALE (8) found that 
tomatoes grown under short day conditions and with available nitrogen 
supply produced vegetative growth. Long days with available nitrogen 
produced vigorously fruiting plants. In a later study (9) it was shown 
that Salvia, a short day plant, can be thrown into the vegetative state by 
lengthening the day. Carbohydrates and nitrates accumulate under short 
day conditions. When the plants are transferred to long day conditions, 
there is a loss of carbohydrates, and associated with this loss there is a more 
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rapid assimilation of nitrate and increased vegetative growth. MURNEEK 
(7) has indicated that as a result of a short photoperiod, seedling soybeans 
show a rapid accumulation of the storage forms of carbohydrates, especially 
starch, and a rapid synthesis of nitrogenous substances ; these changes, how- 
ever, probably have nothing to do with initiation of flower buds but rather 
promote development of the reproductive organs. EcKeErson (2) pointed 
out that reductase decreases in soybean plants which receive only 8 hours 
of daylight as compared with those which receive full daylight. It was 
thought that this might explain the accumulation of nitrates in a short day. 
Hipparp (5), however, has found that the reductase activity was only parti- 
ally inhibited in Biloxi soybeans by a short day, but showed no definite 
change as the plants responded to the different daylengths. 


Methods 


Seedlings, 1 to 1.5 inches, were transplanted to 2.5-inch clay pots and 
allowed to grow about one month before they were transferred to the differ- 
ent plots. The plants were transplanted to larger pots as needed. 

In the first, or fall, series of experiments, four long day conditions and 
one short day condition were studied. All plants received normal daylight. 
The plants under long day conditions received supplementary illumination 
from Mazda lamps from 9: 00 p.m. to 7: 00 a.m. for a period of 10 hours each 
night ; the plants under short day conditions, or controls, received only the 
normal daylight. 

Representative plants were taken at each sampling date to have a mini- 
mum of 100 grams for the nitrogen determinations, 50 grams for the carbo- 
hydrate determinations, and 15 grams for dry weight studies. The leaves 
were clipped into small pieces and used for samples. 

After the dry weights were obtained these same samples were used for 
total nitrogen (11). Another sample was thoroughly ground and a water 
extract made which served for the determination of the total water extract- 
able nitrogen. After aliquots were drawn for the total water extractable 
nitrogen, the water extractable protein was coagulated by means of acetic 
acid and heat and filtered off. Aliquots were taken from the filtrate for the 
water soluble nitrogen. Additional aliquots served for the ammonia and 
nitrate (13), and amino nitrogen determinations (14). Total protein was 
obtained by subtracting the water soluble nitrogen from the total nitrogen. 

In testing for carbohydrates, the samples were plunged into sufficient 
95 per cent. hot ethyl aleohol to bring the alcohol content to 80 per cent; to 
this had been added 0.5 gram of CaCO,. The alcohol extract was used for 
determining reducing substances and sucrose (1, 12). Starch was deter- 
mined on the residue by the taka-diastase and subsequent hydrochloric acid 
hydrolysis method. The reducing power of the solution was determined as 
dextrose. These values were converted to starch by multiplying by 0.9. 
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Results 
EXPERIMENT | 


In a preliminary study’ of the effect of supplementary light on asters ob- 
servations were made on fresh weights, stem length, and time of flowering. 
Chemical analyses were also made on these plants. This work was repeated 
in more detail in experiments II and III. 


EXPERIMENT II. FIRST SERIES, 1933 
First SAMPLING.—Aster seed was sown in flats August 26, 1933, trans- 
planted to pots September 14, and transferred to supplementary light plots 
on September 24. The average greenhouse temperature was 55° F. The 
first sampling was taken on October 24, after 30 days of growth. Results of 
the analyses are given in table I. 


TABLE I 
EFFECT OF SUPPLEMENTARY ILLUMINATION ON THE CARBOHYDRATE AND NITROGEN CONTENT 
OF ASTER. EXPRESSED AS PERCENTAGE OF THE FRESH WEIGHT. 
OcTOBER 24, 1933. 30 DAYS 


Foor CANDLES 
ANALYSES 


100 10 ] 0.3 | ConTrROL* 

Averages fresh weight per 

plant in grams 4.17 4.25 3.99 3.58 2.81 
Dry matter 12.62 12.35 13.28 13.75 16.24 
Reducing substance 0.69 0.65 0.62 0.63 0.70 
Sucrose 0.27 0.31 0.33 0.41 0.50 
Starch 2.93 2.90 2.81 3.36 4.48 
Total carbohydratest 4.23 4.2] 23 4.62 6.20 
Total nitrogen 0.43 0.47 0.44 0.47 0.60 
Soluble nitrogen 0.10 0.10 0.10 0.12 0.21 
Protein nitrogen 0.33 0.37 0.34 0.35 0.39 
Nitrate nitrogen 0.04 0.05 0.05 0.06 0.08 
Amino nitrogen 0.03 0.03 0.04 0.04 0.06 


* No supplementary light at night. 

+ Total carbohydrates are the sum of reducing substances and starch as dextrose, and 
sucrose as invert sugar. 

SECOND SAMPLING.—This sampling was taken on November 20, after 57 
days of growth. The control plants were deep green in color and were low, 
spreading in appearance. Those plants which received supplementary light 
were a lighter green. Stems and leaves were analyzed separately. The re- 
sults of these analyses are given in table II. The reaction of these plants to 
various degrees of supplementary lighting is shown in figure 1. 

As shown in table II there is a progressive increase in fresh weight per 
plant as the supplementary light intensity increases. These data also show 


1 This was part of a cooperative project of the Horticultural and Agricultural Chem- 
istry Departments, Purdue University Agricultural Experiment Station. 
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TABLE II 


EFFECT OF SUPPLEMENTARY ILLUMINATION ON THE CARBOHYDRATE AND NITROGEN CONTENT 
or ASTERS. EXPRESSED IN PERCENTAGE OF THE FRESH WEIGHT. 
NOVEMBER 20, 1935. 57 DAYS 





Foor CANDLES 


ANALYSES 
100 10 1 | 0.3 | CoNTROL* 

Averages fresh weight per | 

plant in grams 9.37 8.89 8.22 8.06 | 3.75 
Dry matter 12.2 14.5 18.2 20.0 | 21.0 
Reducing substance 1.3 1.51 1.48 1.44 1.30 
Sucrose oneal 0.32 0.42 0.51 0.70 | 0.71 
Starch a 1.87 2.44 2.42 2.00 1.90 
Total carbohydratest 3.77 4.68 4.7] 4.40 4.16 
Total nitrogen 0.31 0.30 0.33 0.30 | 0.49 
Soluble nitrogen 0.05 0.04 0.04 | 0.06 | 0.07 
Protein nitrogen 0.26 0.26 0.29 | 0.24 0.42 
Nitrate nitrogen 0.03 0.02 0.02 0.03 | 0.04 
Amino nitrogen 0.03 0.03 0.04 0.04 | 0.06 


* No supplementary light at night. | 
+t Total carbohydrates are the sum of reducing substances and starch as dextrose, and 
sucrose as invert sugar. 


an increase in the percentage of total carbohydrates and starch from the 
control plants of the 10-foot-candle plot. The 100-foot-candle plot shows a 
decrease in total carbohydrates. The soluble nitrogen, nitrate, and amino 
nitrogen fractions are low in the lighted plots and high in the control plots. 

This appears to indicate that in the control plants the nitrogen fractions 
are not utilized as rapidly or as efficiently in the formation of proteins and 
in vegetative extension as they are in the lighted plots. 

FourtTH sAMPLING.—This was taken on Jaunary 30, 1934, after a growth 





A aa — 


Fic. 1. The effect of supplementary light on the growth of Aster. First series, 
November 20, 1935. 57 days. (1), 100 foot candles; (2), 10 foot candles; (3), 1 foot 
eandles; (4), 0.3 foot candles; (5), Control. 

Plants were taken from plots which received 10 hours additional light each night of 


the intensities indicated. 
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period of 128 days. All plots were in bloom but not all of the plants in each 
plot. The controls were deeper green while the plants that received supple- 
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Fie, 2. The effect of supplementary light on time of 
flowers per plant at time of harvest. 


flowering, 
30, 1934. 


fresh weight, and 
First series, January 128 days. 


TABLE III 
EFFECT OF SUPPLEMENTARY ILLUMINATION ON THE CARBOHYDRATE 
OF ASTER. EXPRESSED IN PERCENTAGE OF THE 
JANUARY 30, 1934. 128 Days 


AND NITROGEN CONTENT 
FRESH WEIGHT. 


ANALYSES 


Average fresh 
plant in grams 
Dry matter 
Reducing substance 
Sucrose 
Starch 
Total carbohydratest 
Total nitrogen 
Soluble nitrogen 
Protein nitrogen 
Nitrate nitrogen 
Amino nitrogen 


weight per 


* No supplementary light at 


100 


42.6 

15.58 
0.90 
0.32 
2.41 
3.92 
0.22 
0.10 
0.12 
0.008 
0.02 


night. 


Foot CANDLES 
10 1 0.3 
39.1 39.3 30.0 
15.76 15.72 15.70 
0.88 0.93 1.18 
0.38 0.38 0.40 
2.52 2.27 1.89 
4.03 3.87 3.71 
0.20 0.21 0.24 
0.07 0.07 0.08 
0.13 0.14 0.16 
0.01 0.01 0.01 
0.02 0.02 0.02 


CoNnTROL* 


16.8 

16.84 
1.27 
0.35 
2.02 
3.90 
0.39 
0.15 
0.24 
0.01 
0.02 


t Total carbohydrates are the sum of reducing substances and starch as dextrose, and 


sucrose as invert sugar. 
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mentary light were a light green. Data relative to the time of flowering, 
fresh weights, and flowers per plant are presented in figure 2. Results of 
analyses are given in table III. 

All of the buds were open on the plants in the 0.3-foot-candle plot while 
the plants in the 100-foot-candle plot had the most unopened buds; the 
plants in the control plot had the lowest number of unopened buds. 
Earliest flowering occurred in the 0.3-foot-candle plot. 

Differences in composition expressed as percentages of the total carbo- 
hydrates and total nitrogen are not as evident in this cutting as in the first 
two cuttings (tables I, II). The differences in composition of the plants of 
the various plots diminish as the plants reach the flowering stage. 


EXPERIMENT III. SECOND SERIES, 1934 
A second series of experiments was begun in February 1934. Only two 
groups received supplementary light (10 and 0.3 foot candles) for a period 
of 10 hours each night. A third group (control) received no additional 
light. Four samples were taken at approximately 30-day intervals. The 
fresh weight, height of plants, time of flowering, and chemical composition 
followed the same general trend as those in experiment II. 


Discussion 


The heights and fresh weights of the lighted (long day) plants inerease 
as the supplementary light intensity increases. WiITHROW and BENEDICT 
(15) have shown that asters which receive 0.3 foot candle supplementary 
light or more have a greater dry weight than the control plants. 

CARBOHYDRATES.—As seen in table I the plants show a decrease in the per- 
centage of total carbohydrates, sucrose, and starch as the supplementary 
light intensity increases. Associated with this decrease in percentage of total 
carbohydrates there is an increase in fresh and dry weights as compared with 
the controls. Though carbohydrates are produced in large quantities in the 
longer day of the lighted plants, they were utilized rapidly for growth and 
were stored but slowly in these plants. There was an accumulation of carbo- 
hydrates in the control plants. The percentage of total carbohydrates is rela- 
tively high in the plants of the 0.3-foot-candle plot (table 1). It is probable 
that the removal of the products of photosynthesis was not as rapid as in the 
plants receiving the higher tight intensities. WrrHrow (15) has suggested 
that the greater dry weight of plants receiving 0.3 foot candle, as compared 
with controls, may be due to an indirect effect of the supplementary light at 
night on the photosynthetic activity during the following day, possibly 
through a faster removal during the night of soluble carbohydrates acecumu- 
lated during the day. 

NitroGEN.—The control plants are higher in the percentage of nitrates 
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and water-soluble nitrogen in the early stages of growth as compared with 
the lighted plants. Associated with the lower percentage of nitrate and 
water-soluble nitrogen in the plants which receive supplementary light there 
is an increase of fresh weight and vegetative extension. 


Summary 


1. Asters receiving no supplementary illumination are least vegetative, 
bloom latest, and have the smallest number of flowers per plant. The plants 
are high in percentage of carbohydrate and soluble nitrogen but, in the short 
day length, are unable to utilize these compounds in vegetative extension. 

2. Lengthening the day with Mazda lamps results in greater vegetative 
activity, larger number of flowers per plant, and earlier flowering. 

3. Earliest flowering and largest number of flowers per plant occurs 
with the plants receiving supplementary illumination of the lowest intensity 
—0.3 foot candle. Such plants are medium in vegetative activity and rela- 
tively high in the percentage of carbohydrates and soluble nitrogen during 
the early stages of growth. 

4. As the supplementary light intensity is increased to 100 foot candles 
vegetative activity increases, and the percentage of carbohydrates and 
soluble nitrogen decreases in the early stages of growth. 

5. Significant differences in composition of the groups of plants ceeurred 
only in the early samplings. When the plants reach the flowering stage, the 
composition is very similar regardless of the treatment. Analyses of plants 
made at the time of flowering or maturity are of little value in interpreting 
earbohydrate-nitrogen relationships in growth and reproduction. 


The writer is indebted to Dr. H. R. Kraysiiz for the advice and en- 
couragement given in carrying on this investigation. He also wishes to 
thank Mr. Roserr B. Wirurow of the Horticultural Department, Purdue 
University Agricultural Station, for the installation and permission to use 
the lighting equipment. 
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AN INEXPENSIVE INTEGRATING LIGHT RECORDER‘ 


V.G. SPRAGUE AND E. M. WILLIAMS 


(WITH THREE FIGURES) 


In recent years environmental factors, such as temperature and light, 
have been receiving increased consideration in experimental procedures. 
Under greenhouse conditions, the temperature and length of day can be 
controlled but it is impossible, except by excluding sunlight and supplying 
artificial light, to control the radiant energy which plants receive during a 
given growth period. The variation in the incident light during an experi- 
ment in the greenhouse or in the field may explain in part the differences 
between replications of the same experiment conducted at different times. 
Although it may not be possible to control the incident light available to 
experimental plants at various times, interpretations of the results obtained 
might be facilitated if the total amount of light which the plant had received 
were known. The length of day can be easily obtained from available data 
for each latitude but daily measurements of the total incident light are rarely 
obtainable. Instruments which will record the intensity of the natural light 
from day to day are available, but in order to obtain the total incident light, 
the area enclosed by the intensity curve must be determined. This is a 
tedious and time-consuming task if an experiment covers more than a few 
days, and becomes more difficult and less accurate on days when clouds are 
intermittent. To overcome the difficulties encountered with such a record- 
ing instrument, as well as to reduce the cost of equipment, an integrating 
light recorder was constructed from a few electrical parts obtainable from a 
radio dealer. 

The principle of operation used in this instrument has been described by 
ANDERSON (1) who placed a small condenser in series with a phototube and 
a battery. A neon tube in parallel with the condenser flashed when the 
voltage across the condenser rose to the breakdown voltage of the tube and 
went out when the voltage dropped to the extinction voltage. RENTSCHLER 
(2) modified this method by using a cold cathode relay tube in place of the 
neon tube. The relay tube supplied sufficient current to operate a mechani- 
eal relay and thus a counter mechanism. This instrument has found its 
main use in measurements of ultra-violet radiation. 

The recording instrument herein described requires a power pack for 
operation with ordinary 115 volts, 60 cycles A.C. supply. If a used radio is 

1Contribution no. 12, of the U. S. Regional Pasture Research Laboratory, Division 
of Forage Crops and Diseases, Bureau of Plant Industry, U. S. Department of Agricul- 


ture, in cooperation with the Northeastern States and the Electrical Engineering Depart- 
ment of the Pennsylvania State College, State College, Pennsylvania. 
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available its power pack, including transformer, rectifier tube and socket, 
choke coil, and condensers may be used. Most of these items will be in 
usable condition, except perhaps for the electrolytic condensers usually sup- 
plied. These, however, can be replaced with superior paper or oil-filled con- 
densers of sufficient capacity at a cost of one to two dollars. If a used radio 
is not available the items required for the power supply may be purchased 
separately. The total cost of the power supply should not exceed five dol- 
lars ($5.00). 

The wiring diagrams for both the power supply and integrating instru- 
ment are presented in figures 1 and 2. 

In operation, light striking the light-sensitive element in the phototube 
causes a current to flow, which is very closely proportional to the intensity 
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Fig. 1. Wiring diagram for power supply. 
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Fie. 2. Wiring diagram of integrating light recorder. 
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of the light. This current charges the condenser C,. The relation between 
current, i (a function of time), and the potential difference, V, at time, t, 
across the condenser is: 


V= “idt + Vo 
Jo 
in which the potential is assumed to be V, at time t=0. This potential 


difference is applied directly between the starting anode (P,) and the 
cathode (K) of the cold cathode gas discharge tube (Western Electric type 
313C). When the potential, V, reaches a critical value, the gas in the tube 
ionizes, allowing the condenser C, to discharge (at which time the potential 
returns to V,) and at the same time discharging C,. The discharge from 
this latter condenser passes through a sensitive magnetic telephone relay, 
pulling down the armature and actuating the counter. As soon as the dis- 
charge passes, the tube deionizes and the circuit returns to its initial condi- 
tion. A very sensitive counter is required because the amount of current 
passing through the relay tube depends on the capacity of the condenser, 
C., which is limited not only by the current rating of the tube but also by the 
small allowable time delay in recharging the condenser, C., between succes- 
sive operations of the counter. 

A eounter which has worked very satisfactorily was constructed from a 
dollar alarm clock. The balance wheel was removed and a 1/32-inech hole 
drilled in the escapement lever. One end of a fine brass spring wire was 
passed through this hole and the other end fastened to the armature of the 
sensitive telephone relay. The clock and relay were so mounted that the 
throw of the relay armature moved the escapement lever sufficiently to allow 
one tooth of the escapement wheel to pass, as would occur in the normal 
operation of the clock. In this counter, the gear mechanism of the clock is 
driven by the main spring while the magnetic relay supplies only the small 
force required to trip the escapement. The clock can be calibrated easily 
before the balance wheel is removed, by counting the number of escapements 
per minute in normal operation. With the cheaper clocks this usually is 
120. Therefore, with such a counter, 7200 operations would be required for 
a complete revolution of the minute hand and 86,400 would represent a com- 
plete revolution of the hour hand. The regular face of the clock may be 
removed and a face reading in total number of discharges substituted, or, by 
proper calibration, the face may be calibrated to read directly in any con- 
venient units.” 


2 Light has been defined as the radiant flux within the wave length limits of sight, 
evaluated according to its capacity to produce visual sensation. The foot-candle is the 
practical unit of illumination and represents the illumination on a surface, normal to the 
direction of the light, from a point source of one International Candle, one foot distant. 
Since the human eye is not equally sensitive to all regions of the visible spectrum and 
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The capacity of the condenser, C,, which stores the charge depends on the 
current output of the phototube. Since there may be considerable difference 
in the sensitivity of photo-electric cells even of the same type and by the same 
manufacturer, it is necessary to determine the size of the condenser, C,, 
experimentally. An intensity of 500 foot-candles incident on the particular 
General Electric PJ—22 phototube used resulted in about 50 discharges per 
minute when a 2.0 mfd. (microfarad) condenser was employed. Less fre- 
quent operation of the counter could be obtained by using a larger condenser 
but error owing to leakage in the condenser would have increased; more 
frequent operation through the use of a smaller condenser was undesirable 
owing to the failure of the counter to register accurately at speeds greater 
than 80 operations per minute. The use of a smaller condenser would be 
desirable if the instrument is designed to record lower maximum light 
intensities. The authors have experienced no difficulty in recording light 
intensities well below one foot candle with condenser capacities of the order 
of 0.01 mfd. 

The instrument is adaptable to a number of uses, inasmuch as the photo- 
tube can be placed at any distance from the counter and several counters 
can be operated from one power supply unit. The maximum intensity 
striking the phototube should not exceed that recommended by the manu- 
facturer, which in the case of the General Electric PJ—22 tube is 500 foot- 
eandles. In this preliminary arrangement for the measurement of sunlight, 
the radiation is received on a horizontal surface, similar to Weather Bureau 
practice. The maximum intensity on the phototube is reduced to 500 foot- 
candles by means of two sheets of frosted opal glass. Watuace (3), in a 
study of methods of sampling visible radiation, has indicated that a single 
light sensitive unit placed inside and at the base of an opal glass sphere is 
to be preferred as the receiver for radiation measurements to be used in 
physiological work. In any receiver care should be exercised to prevent 
direct sunlight from striking the phototube and to prevent the temperatures 
of the phototube from exceeding 50° C. 

The linearity of the above instrument has been checked from 5 to 450 
foot-candles incident on the phototube. A straight line relationship exists 
between the intensity of the light and the current output of the phototube 
when the quality of light is unchanged. A decided shift in the quality of 
light either to the blue or red end of the spectrum alters the current output 
of any of the phototubes now available. The General Electric PJ—22 tube 





since the mechanical equivalent of light varies with the wave length, it is not possible 
to convert foot-candles into energy units except for monochromatic light or for hetero- 
geneous light of known and constant composition. For many applications, however, com- 
parative data would be acceptable. For this purpose, the integrated light may be ex- 
pressed in foot-candle hours which is the product of intensity and time. 
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is least sensitive to light of about 5000 A wave length and increases in sensi- 
tivity to longer and shorter wave lengths (see fig. 3). For measuring 
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Fig. 3. Static sensitivity characteristic of the PJ-22 phototube. (Reproduced 
through the courtesy of the General Electric Company, Schenectady, N. Y.). 


natural daylight, in which the quality does not vary greatly except at sunrise 
and sunset and where comparative data are primarily desired, this limita- 
tion of the phototube is not serious. 

After assembly, the instrument was calibrated against a standardized 
Weston Model 603-foot-candle meter using sunlight at noon on a clear day 
as a light source. For comparative data the natural light available during 
any period may be expressed as foot-candle-hours which is the intensity in 
foot-candles multiplied by the time in hours. Inasmuch as this instrument 
is integrating, the average intensity will be available. In calibration of the. 
above instrument it was found that an average sunlight intensity of 240 
foot-candles passing through two frosted opal glasses before reaching the 
phototube produced one counter operation per minute. The number of 
foot-candle hours during any period is equivalent to the number of dis- 
charges divided by the number of discharges the counter would make at an 
average intensity of one foot-candle for one hour. In this calibration, at 
one foot-candle, there was 1/240 discharge per minute or 60/240 discharges 
per hour. 


60 
y Pe.) 's =n += 
Then total f.-c.-hours =n FA0 
_m> 240 

a 60 


= 4n 
where n=number of discharges during the period. 
Example: 
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16,800 discharges on July 21 = 4 x 16,800 = 67,200 f.-c.-hr. 
Several examples of the data obtained are presented here as an indication 
of the variation in daylight at State College, Pa., during the months the 
instrument has been in operation. 

Daily values of light available in foot-candle-hours : 
April 8, 28,705 
April 9, 6,312 
April 10, 14,578 
April 11, 50,496 
April 12, 25,549 

Weekly values of light available in foot-candle-hours : 
April 1-— 7, inelusive, 280,935 
April 8-14, inclusive, 172,228 
April 15-21, inclusive, 186,515 
April 22-28, inclusive, 245,116 

Monthly values of light available in foot-candle-hours : 
March 1-31, inclusive, 678,351 
April 1-80, inclusive, 1,000,754 
May 1-31, inclusive, 1,087,771 
June 1-30, inclusive, 1,201,993 
July 1-31, inclusive, 1,507,462 
August 1-31, inclusive, 1,198,561 


After five months of uninterrupted operation a new calibration was made 
and compared with the original. There was no appreciable change, indi- 
cating that in all probability the characteristics of the gas relay tube and 
the phototube change very slowly with age. The change in calibration with 
the fluctuations in supply line voltage usually encountered may be expected 
to be negligible. Operation of the relay tube and the characteristics of the 
condensers are affected only by larger fluctuations in ambient temperature 
than those normally encountered in a laboratory or a greenhouse. No great 
change in sensitivity of the phototube would be expected if the 50° C. 
maximum ambient temperature recommended by the manufacturer is not 
exceeded. 

The upkeep of the instrument is very small, since no moving electrical 
contacts are used which might be oxidized, and no mechanical parts other 
than the magnetic relay armature and counter are employed. The cold 
cathode relay tube requires no attention and has an almost indefinite life 
if it is not overloaded. It would seem that the low original cost of the instru- 
ment described (less than $25 as compared to commercially available instru- 
ments ranging in price from $150 to $500), its low current consumption 
(about 10 to 15 watts), and its probable long life would put within the reach 
of those interested in light as it effects growth, a means of studying some of 
the factors not heretofore determined. 
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PRODUCTION OF SOLUTES IN GROWING EPIDERMAL CELLS 


WILLIAM A. BECK 


(WITH ONE FIGURE) 


Growth by cell enlargement, which is characteristic of plant cells, may 
be defined as the irreversible increment in the volume without appreciable 
increment in the mass of the protoplasm. Investigation of this kind of 
growth was given considerable-impetus by UrspruUNG and Bium (12) when 
they discovered that the turgor of young cells is minimum when the growth 
is maximum, and also by Went (14) and his school when they proved that 
the growth-promoting substance which induces this kind of growth origi- 
nates in the region of cell proliferation. 

Although it appears evident that the growth-promoting substance must 
exercise its effect on the living protoplasm (cf. 10) there is still some ques- 
tion about the effect produced directly or indirectly on the cell wall and the 
production of solute in the protoplasm which is osmotically active in the 
cell sap cavity. 

Kuess (5) concluded from his experiments that the protoplasm is 
directly responsible for cell enlargement, which is, of course, hardly tenable 
in view of the facts known to us at present. Herauier, Sacus, pEVRiEs (3, 7, 
13) and others assumed that cell enlargement is directly due to the stretch- 
ing of the wall, which itself is caused by the turgor. This view was de- 
cidedly disputed by ScHWENDENER and KrapeE (8), who contended that the 
wall grows actively by a process of intussusception with the cooperation of 
the protoplasm. Prerrer (6) explains how the growth of the wall may be 
the result of active and passive growth, with consequent changes in the 
elastic constants of the wall. The fact which UrspruNe and BLUM estab- 
lished beyond a doubt, that the turgor is minimum in the most actively 
growing cells (12) makes it certain that the turgor plays at most a secon- 
dary role in the process of cell enlargement. It also makes it questionable 
if the solutes which are necessary to maintain the turgor are elaborated by 
the protoplasm to a degree which is commensurate with the growth of the 
cell. 

It is the purpose of the present investigation to determine the amount 
of solute which is produced during the various stages of cell enlargement. 


Material and methods 
The enlargement of the cells in different phases of development was first 
determined with the aid of an eye-piece micrometer. Then the osmotic 
value at incipient plasmolysis and the degree of contraction in passing from 
the normal state to the state of incipient plasmolysis were determined for 
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the same phases according to the methods given by Ursprune (11). Know- 
ing the volumes in the two states and the concentration at incipient plasmoly- 
sis, it became possible to calculate the concentration of the sap in the 
normal state according to the equation : 

(1) 0,/0,=V,/V; or 

(2) O, =O, x V,/Va; 
in which O, is the concentration of the cell sap in the normal state; O,, the 
concentration in the state of incipient plasmolysis; V,, the volume of the 
cell in the normal state and V,, the volume in the state of incipient plasmoly- 
sis (ef. 11, p. 1111). 

Since the amount of solute in a solution varies directly as the volume and 
directly as the concentration, the total amount of solute present in the 
normal cells may be expressed in arbitrary units as the product of the 
normal volume and the normal concentration. In our particular case it was 
found that the diameter of the’ cells remains practically constant during cell 
enlargement, so that it was sufficient to multiply the concentration by the 
one variable, namely the length, in order to obtain an adequate expression 
for the total amount of solute present expressed in microns x mol. 

The epidermal cells of Helianthus seedlings were employed. As is well 
known, proliferation of cells occurs only within a very small zone of the 
hypocotyl (less than 1 mm. long) and then growth occurs by cell enlarge- 
ment. Since the cells in the neighborhood of the stomatal complex are very 
irregular they were avoided and relatively long series of regular cells were 
preferred. 

The region from the base of the cotyledons to a point 35 mm. beyond 
was investigated. For convenience it was divided into 7 zones, each 5 mm. 
long. Etiolated seedlings that were 90 hours old and from 45 to 50 mm. 
high, which were raised under controlled conditions (temperature 25° C. 
90 per cent. relative humidity) in peat and sand, from seeds of the 1939 
harvest of a special strain cultivated by the author for the last five years 
were employed. The individual differences in the plants were negligible. 

The sizes in the cells were determined for three points in each zone, but 
the average osmotic value at incipient plasmolysis, and the change in volume 
from the normal state to the state of incipient plasmolysis were caleulated 
as an average for the entire zone and expressed as effective at the mid-point 
of the zone. Each reading accepted at any point for concentration of the 
sap or the length of the cell is the average of 30 independent determinations. 


Results and discussion 


The results obtained are assembled in table I and the graphs (fig. 1) 
which show the variation in the length of the cells and the variation in the 
total amount of solute present in the cells as they grow older make the 
comparison of the results easy. 
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TABLE I 


THE SIZE OF GROWING EPIDERMAL CELLS OF Helianthus annuus SEEDLINGS AND 
THE AMOUNT OF SOLUTE WHICH THEY CONTAIN 








DISTANCE AVERAGE - Pica al TOTAL SOLUTE 
ZONE FROM THE LENGTH OF onercuwre sane PRESENT IN 
COTYLEDONS THE CELLS ones, Capra ARBITRARY UNITS 
OF THE SAP 
a a } - —— 
mm. microns mol. (C,.H 0.0), ) microns x mol, 
1.0 15.2 
1 2.5 . 25.6 0.270 7.18 
4.0 38.9 
6.0 79.3 
2 7.5 96.1 0.248 23.90 
9.0 115.8 
11.0 127.9 
3 12.5 144.3 0.243 34.60 
14.0 155.0 
16.0 165.3 
4 17.5 173.2 0.228 39.69 
19.0 181.4 
21.0 189.2 
5 22.5 203.6 | 0.225 44.90 
24.0 206.8 
26.0 209.2 
6 27.5 212.8 0.226 48.00 
29.0 216.4 
31.0 219.0 
7 | 32.5 221.4 0.226 50.00 
| 


34.0 224.2 


The fact that the curves run almost parallel shows that the production 
of solute must be practically proportional to the increment in volume or to 
the growth by eell enlargement. Both curves are typical growth curves. 
They show an inflexion at a point corresponding to the point on the hypo- 
eotyl which is 6.5 mm. from the base of the cotyledons. This is evidently 
the point of maximum growth and production of solute. These results are 
in agreement with those published elsewhere (cf. 1) regarding the relative 
growth in the hypocoty! of seedlings which were strictly similar to the ones 
used in the present work. There it was shown that the most favorable zone 
for studying growth by cell enlargement is the zone between 4.65 and 6.4 
mm. from the base of the cotyledons. There a measuring microscope was 
used and the hypocoty! was intact except for the markings. In the present 
experiment zone 3 still shows considerable growth and solute production, 
but in zone 4 a decided decrement of both rates is noted and in zone 7 the 
rates of both are almost 0. In other experiments which still await publica- 
tion, employing strictly similar plants, the suction tension and the wall 
pressure and the turgor were determined for the same regions and it was 
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CELL ENLARGEMENT IN THE EPIDERMIS OF THE HELIANTHUS HYPOCOTYLS 
AND TOTAL SOLUTES OF THE CELL SAP CAVITY 


Fie. 1. Relationship between cell enlargement and total solutes of the cell sap. 


found that the suction tension is highest in the growing region and lowest 
in the mature cells; the turgor and the wall pressure, however, were least 
in the growing region and began to increase decidedly in the mid-region of 
the fifth zone and were maximum in the mature cells where the suction ten- 
sion was least. It is interesting to note that solute production declines with 
the increment of turgor and wall pressure, since it shows the increment in 
wall pressure must be caused by changes in the nature of the wall and not by 
increment in the production of solutes. Likewise the decline in the suction 
tension can hardly be attributed to considerable decrement in the rate of 
the production of solute but rather to increased counter pressure by the 
wall, which apparently has become more rigid. On the basis of this explana- 
tion it can be stated that the walls have become more rigid at a point 22.5 
mm. from the base of the cotyledons. This result is in good agreement with 
that given elsewhere (2) regarding the critical point of the bending of 
hypocotyls in strictly similar plants, in response to gravity. There it was 
found that the regions which are farther removed than 25 mm. from the 
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base of the cotyledons hardly respond at all, and it was explained that the 
wall of the cells must be more rigid than in the younger cells. 

These results are in agreement with the findings of UrsPpruNG and BLUM 
(12) referred to above. They are also in agreement with the finding of 
Sépine (9) who showed that the first phase of growth is irreversible and 
that the stretching of the wall by turgor must follow this phase, and that 
the wall must grow by intussusception. These results are furthermore in 
agreement with those of StruGceErR (10) who showed that growth by cell 
enlargement can hardly be attributed to the growth of the wall alone. He 
showed that, in the epidermal cells of Helianthus seedlings, the protoplasm 
is significantly more viscous in the younger cells than in the mature cells 
and proved the existence of a ‘‘protoplasmatic gradient.’’ 

Together with the results obtained by Urspruna and Buium (12), 
Séprine (9), StruGcer (10), and Heyn (4), the results of this research make 
it apparent that the growth of the cell by cell enlargement is a physiological 
process, and that it cannot justly be attributed to the turgor alone, nor to 
the growth by intussusception in the wall alone, nor to the changes in the 
- state of the protoplasm alone. The production of solutes and the increment 
in the mass of the wall, and the physical changes in the protoplasm must 
be regarded as phases of the growth process, or possibly only as concomitant 
circumstances ; but any one alone is not the prime cause of growth. 


Conclusions 


From the given results it may be concluded that: 

1. The production of solute in the growing epidermal cells of etiolated 
Helianthus seedlings is proportional to the growth of the cells. 

2. The production of solute does not increase the turgor of the cells in 
proportion to the amount of solute produced, and it cannot be regarded as 
the primary cause of growth. 

3. The production of solute certainly aids in maintaining the suction 
tension of the growing cells and thus insures sufficient water supply for 
the growing parts of the seedling. It also aids in maintaining sufficient 
turgor so that the young plastic wall does not collapse, and ihat growth in 
the wall by intussusception is facilitated. 


Summary 


A method is devised and described for determining the amount of solute 
produced in growing cells. 

The enlargement of growing epidermal cells and the amount of solute 
produced in them are determined and correlated for etiolated Helianthus 
seedlings. 


It is found that the amount of solute produced is proportional to the 
growth of the cells. 
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It is coneluded that the production of solute facilitates the growth process 
in general, and the growth of the wall by intussusception in particular, but 
that it cannot legitimately be regarded as the prime cause of growth by cell 
enlargement. 
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AUTOMATIC CONDUCTIVITY MEASUREMENTS OF CO,' 


BD. G@. Cuaexk, JOuN SHAFER, JRB., and O. F. Curtis 


(WITH TWO FIGURES) 


In research on photosynthesis it is often desirable or sometimes necessary 
to record automatically frequent measurements of the amount of carbon 
dioxide absorbed by a leaf or plant. By none of the older methods could 
earbon dioxide intake be determined over intervals shorter than one or two 
hours. The measuring of carbon dioxide by its effect on the conductivity of 
a sodium hydroxide solution is accurate and rapid, but has not previously 
been made automatic. The excellent spectrometric method of MCALISTER 
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Fig. 1. Equipment for absorption of CO.. 


(2) could be made automatic, but the cost of the basic equipment is consider- 
able. The method to be described in the present note seems to fill the need 
for rapid automatic recordings. It is based on the conductivity method 
employed by many other workers. 

The arrangement of equipment can best be described under two headings, 
viz., that used for gas flow and absorption and that for carbon dioxide mea- 
surements. The equipment involved in the absorption of carbon dioxide is 


1The authors are indebted to Dr. A. Dounce of the Biochemistry Department at 
Cornell University and to the Laboratory Division of the Corning Glass Company, for 
aid in the construction of the absorption tower. 
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diagrammed in figure 1. The absorption tower' in figure 1 needs special 
description. This is an adaptation of the tower described by HEINICKE and 
HorrMan (1); its basal end contains a fritted glass disk which breaks up 
the air stream into small bubbles to insure complete absorption of the carbon 
dioxide. The bubbles rise through the sodium hydroxide solution, exerting 
a stirring action. Triangular platinum electrodes are fused in the tower 
a short distance below the level acquired by the liquid surface after the 
flow of air through the tower has attained equilibrium. The bubbles are 
diverted from the electrodes by a glass trough and pass to the top of the 
liquid, where they break. Part of the liquid draining back down the tower 
is caught in the trough and replaces that which has drained out at the 
bottom corners. If the trough is properly made the space between the elec- 
trodes will be filled with constantly changing, bubble-free sodium hydroxide 
solution. The solution in the trough does not change in composition 
as rapidly as that at the bottom of the tower, but the lag is essentially 
constant and, therefore, immaterial. Since the electrodes are separated 
by clear liquid, conductivity can be measured at any time, or even con- 
tinuously. Consequently, automatic records are possible. This is in con- 
trast to the usual conductivity techniques, which involve cessation of air 
flow and thorough mixing of the absorbing solution before conductivity 
measurements are made. With that sort of technique frequent automatic 
readings are impossible. 

Since temperature has a marked effect on conductivity, the absorbing 
solution (NaOH) is kept in a controlled temperature room throughout, except 
for the brief period while it is being measured in an automatic pipette. By 
suitable manipulation of several stopeocks the sodium hydroxide solution 
is measured out and introduced into the absorption tower. Then air is drawn 
over the leaf, through the absorbent, and through the gas meter. 

Naturally, the electrical circuits for automatically recording carbon 
dioxide should be designed to fit the particular requirements of the operator. 
The arrangement used by the authors (fig. 2) consists of three separate cir- 
cuits, though two are in parallel with each other. One circuit contains the 
absorption and conductivity tower, wired as one arm of a Wheatstone 
bridge. The other three arms are built with fixed resistances. Accompany- 
ing the change from sodium hydroxide to sodium carbonate as carbon 
dioxide is absorbed, there is a corresponding decrease in the conductivity 
of the solution. If the initial sodium hydroxide solution is always of the 
same strength, and if such factors as temperature, electric current and the 
electrode system remain constant, then the degree of unbalance of the 
bridge is dependent on the amount of carbon dioxide which has been absorbed 
by the time of any particular reading. Such being the ease, the amount of 
earbon dioxide absorbed can be measured by its effect on the amount of 
eurrent going through the recording ammeter connecting the arms of the 
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Wheatstone bridge. It is believed that quicker readings are obtained by 
measuring the current across an unbalanced bridge than by balancing the 
bridge and recording the necessary resistance changes. It is believed, also, 
that the two methods give readings which are of about the same order of 
accuracy. In the present arrangement the current is recorded on an Ester- 
line-Angus 5-mil recording ammeter. From experimental data, graphs can 
be constructed for converting the amperage values to carbon dioxide values. 
The current passed through the Wheatstone bridge must be of constant volt- 
age. We are using 110-volt 60-cycle A.C. line current regulated by a Ray- 
theon voltage regulator, with satisfactory results. 
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AC. | 
, 
™_ =. 
J 


FIG. 2 


Fic. 2. Wiring diagram for automatic measuring system. 





, 


The ‘‘chart motor’’ is the electric motor that winds the chart on the 
recording ammeter, and is an integral part of that instrument. It is wired 
in such a way as to run only while a recording is being made. 

The third circuit is the ‘‘starter’’ for the other two. The indicator needle 
of the wet-test gas meter is extended to dip into a puddle of mercury at a 
given point of the needle’s revolution, thus completing the circuit through 
the relay coil. The relay closes, thereby completing the other two circuits, 
and causing the conductivity of the tower solution to be recorded. By 
varying the number of arms on the meter needle, contact can be made after 
each complete revolution or after any desired fraction of a revolution. The 
conductivity record is, therefore, automatically a record of air volume. By 
having a constant rate of air flow, and by timing that rate at the start of a 
run, the readings can be converted to time intervals if desired. 
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At least two towers must be operated simultaneously, since carbon dioxide 
absorption or loss must be determined by difference. Several towers can be 
wired into the same electric circuit. The individual recordings require only 
three or four seconds each. The limiting factors as concerns the number 
of towers which can be used are: (1) the number of readings per revolution 
of gas meters; (2) the uniformity of the rate of air flow through the various 
meters. Unless all meters are running at identical rates, the recordings of 
two will sometimes coincide. This makes both readings uninterpretable. 
Obviously, the more recordings there are on the same ammeter in a given 
time, the more often will two readings coincide. 

There are several sources of error which must be considered. Minor 
fluctuations in the mixing of the solution in a tower will produce minor 
variations in readings. If a different concentration of carbon dioxide is 
suddenly introduced, a short period (about 2 minutes) must be allowed for 
the establishment of the required new mixing gradient in the tower. In our 
experience, the most serious error is, unfortunately, not controllable: 
occasionally, the results obtained from one tower will not check with those 
obtained with replicate towers. As yet, no reason for such inconsistencies 
has been deduced. Asa result of them no single run can be trusted ; one must 
repeat the same experiment a number of different times. The standard 
deviation of the mean for an individual experiment is about + 5 per cent. of 
the mean, when approximately 0.03 per cent. CO, is being absorbed. 


Summary 


There has been described a conductivity system for measuring photo- 
synthesis. Readings are automatically recorded as frequently as desired. 
As used by the authors recordings are made every two minutes with an air 
flow of about 50 liters per hour. To achieve accuracy in conjunction with 
such rapid readings, very dilute hydroxide is being used (0.0013 N). This 
becomes exhausted in about 20 minutes when normal air is used. However, 
by changing the strength of hydroxide and the fixed resistances in the Wheat- 
stone bridge, a longer run could be obtained with less frequent recordings. 
The outfit deseribed should be easily adjustable to give a wide choice of 
frequencies of readings ranging from one or two minutes up to an hour or 
more, and should be adaptable to many different experiments. 


CORNELL UNIVERSITY 
ITHaca, New York 
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A HIGHLY SIMPLIFIED THERMIONIC CONTROL 
OF TEMPERATURE 


RAYMOND H. WALLACE AND RALPH J. BUSHNELL 


(WITH TWO FIGURES) 


Three recent articles (1, 2, 3) describe methods of heat control which 
seem unnecessarily complicated in view of the present technical develop- 
ment of control tubes in the radio industry. Those methods, just men- 
tioned, use mechanical relays and have wiring schemes which, although not 
complicated to those acquainted with radio, are nevertheless too difficult for 
many people to construct. One of the simplest and most effective schemes 
involving the use of thyratron tubes and no mechanical relays was described 
by ScHweENK and Nosie (4) in 1937. The scheme here described is a 
further simplification and adaptation of thyratron methods. 

Recently two well-controlled incubators were needed and were obtained 
by converting two old ovens that had long been around the laboratory un- 
used, These ovens had been controlled by the usual mechanical thermostat 
and allowed a temperature variation of -- 2° C. The conversion of the 
ovens to valuable incubators was done as follows:' A five-volt transformer 
was mounted on top of the oven with the primary connected to the 110-volt 
line and the secondary connected to the two large prongs of a four-prong 
socket as filament supply for the control tube. Then the two heavy wires 
(the 110-volt line for the heater) that had led to the mechanical thermostat 
were disconnected and one of them soldered to the two small prongs (cathode 
and shield grid) of the four-prong socket. The other wire was soldered to 
a clip to attach to the tip (anode) of the control tube. The tube is now 
wired with plate and filament voltage and all that remains is to connect to 
the new thermostat. Any type of thermostat can be used. For the ovens 
just mentioned, coiled bimetallic thermostats were taken out of ten-cent 
store thermometers. The thermostat was left mounted on the metallic dial 
of the thermometer, but the hand was broken off and a short shaft soldered 
in its place. An insulated contact was mounted so the free end of the 
thermostat could touch it. The thermostat was then mounted inside the 
oven with the shaft sticking through the top of the oven. An ordinary dial 
was attached to the shaft. Adjustment for any range is obtained by turn- 
ing this dial which winds up or unwinds the bimetallic thermostat. The 
wiring is completed by attaching one contact of the thermostat directly to 
the control grid, while the other one is connected to the anode through a 
10-megohm resistance. 

1 Full-sized blue prints giving all details of construction are available for 25 cents. 
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It takes about four hours to convert an oven, and the chamber one 
obtains will maintain temperature to + 0.1° C. as measured by mercury 
thermometers and to + 0.25° C. as measured by a recording potentiometer 
and thermocouple. To get these good values it is, of course, necessary to 
circulate the air with a small fan. 

The tube used in this scheme is the General Electric mercury vapor 
thyratron, F.G. 95, which carries 2.5 amperes at 1000 volts, but differs from 
the tube used by ScHWENK and Nose (4) in that it has a 5-volt, 4.5-ampere 
filament and is designed to activate on extremely small grid currents. The 
tube is so constructed that it will not fire until a plus charge is put on the 
control grid. When the grid is connected to the anode by the way of the 
thermostat and grid leak as described above, the tube fires on each plus 
evele of the A.C. current and the chamber heater is in action. 

The tube maintains a delicate control of the heater, which is very desir- 
able. When the thermostat is well off balance, the tube activates strongly 
and the heater may draw its full amperage. On nearing its balance, how- 
ever, the current drops sharply and hovers almost continuously around 0.05 
to 0.1 amperes. The tube functions as a variable resistance and conse- 
quently the heater never gets hot and is never cold. This eliminates the 
‘*all-on,’’ ‘‘all-off’’ condition which is always present in mechanical relays. 
It likewise makes unnecessary the light-bulb siunt across the heater circuit 
which SCHWENK and Nosie used. Measurements with a recorder and a 
thermocouple showed the floor temperature is as constant as the air tempera- 
ture being maintained, and is only 1° C. above it. This constant tempera- 
ture of the heater under continuous load is the most important characteristic 
of this scheme of temperature control. It makes possible the construction 
of chambers with little or no stratification even without mechanical stirring. 
To do this one needs only to embed low-wattage heaters in the six walls of 
the chamber and connect them all in series with the control tube. The con- 
trol is obvious at all times by the flicking of the tube, and its continuous 
glow when the full current is flowing. 

It is often necessary in controlling temperature to activate the heater, 
the reverse of that above, with bimetallic thermostats. Thus, with mercury 
thermostats, one wants the heater to cut out when contact is made. This 
can be done very simply with the scheme used here. In figures 1 and 2, 
the solid lines show the wiring thus used with bimetallic thermostats. If 
one moves the thermostat from position A and places it in position B, that 
is, if it is moved from being in series between the anode and the control 
grid, and is placed in series between cathode and control grid, the tube aecti- 
vates while the thermostat is open but ceases to fire when it is closed. In 


making this change it will be noted that the 10-megohm leak remains in 
place between anode and grid while a 500.000-ohm grid leak is added along 
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with the thermostat between the grid and the cathode. When the thermo- 
stat is closed the grid is at the potential of the cathode and the tube does 
not fire; when the thermostat is open, the grid is at the potential of the 
anode and the tube fires on each plus half of the cycle as before. 

One of us (5) has used the F.G. 95 as control tube in recording poten- 
tiometers since 1934, and found them very dependable. Although some of 
them have had more than three years continuous use, none has burned out 
in service. They are fragile and, therefore, frequently damaged in ship- 
ment. If, however, they function after being heated up a few times, they 


FIG, 2 














AWM 


Fig. 1. Pictorial diagram showing connections and spacing of parts; A, position of 
thermoregulator when it is a bimetallic thermostat; B, position of thermoregulator when 
it is a mercury thermostat. When A is used, B is left entirely out; but when B is used, 
the grid leak at A is connected to grid. C is position of usual mechanical thermostat and, 
if connection is made at the arrow points, the wiring of switches and pilot bulb remain 
unchanged. 

Fig, 2, Schematic diagram showing complete wiring. A, B, and C, the same as in 
figure 1. 


are undamaged and give no trouble subsequently. The total cost of mate- 
rial for converting an oven is less than $15.00; $12.00 for the tube, and 
$2.00 for the transformer. 

The tube activates on from 1 to 1/10 microamperes, so no appreciable 
current passes through the thermostat contacts. This small current neces- 
sitates good insulation in the grid circuit for otherwise, leakages may acti- 
vate the tube. 


UNIVERSITY OF CONNECTICUT 
STORRS, CONNECTICUT 
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SPECTROSCOPIC ANALYSIS OF PLANT EXTRACTS 
FOR CHLOROPHYLLS a AND 0’ 


CG. Lk. Comakm® And F. P. ZSCHEILE 


Absorption coefficients for chlorophylls a and b in ether solution have 
been determined recently on preparations of high purity.* The quantita- 
tive application of absorption data to simple plant extracts is the ultimate 
criterion both for the identity of the standard chlorophy!| components with 
those in the extracts and for the accuracy of the standard absorption 
coefficients. 

It is now possible to analyze plant tissues satisfactorily for total chloro- 
phyll and for percentage of components a and b. The method is as follows: 
A weighed sample (about 10 gm.) of fresh leaf tissue is disintegrated in a 
Waring Blendor in the presence of acetone to which a small amount of 
calcium carbonate has been added. The resulting mixture is filtered by 
suction and the pigments are transferred to diethyl ether (Dupont technical, 
allowed to stand over solid NaOH and distilled). All the acetone is re- 
moved from the ether by repeated scrubbing through distilled water and 
the final solution is dried with sodium sulphate. If care is taken, emulsion 
formation ean be avoided and quantitative results readily obtained. The 
absorption measurements are made at 6600 and 6425 A. The spectral region 
isolated should not exceed 30 A and large amounts of scattered radiation 
must be avoided. Other wavelengths may be used when the carotenoid 
content is not too high. 

The absorption coefficients listed above are averages obtained from sev- 
eral pure chlorophyll preparations. Chlorophylls @ and b may be deter- 
mined most satisfactorily at wavelengths 6600 and 6425 A. Total chloro- 
phyll may be determined at intersection points of the absorption curves for 
components a and b. Component composition may be determined also at 
wavelengths 6130, 5890, and 5460 A. 

Sample 1 was a spinach extract from which all carotenoids had been 
removed by washing with methanol, followed by precipitation of the chloro- 
phylls and final removal of carotenoids by washing with petroleum ether.? 
Samples 2 and 3 were aliquots of sample 1 to which pure beta-carotene had 
been added. In these three samples, the a to b ratio does not represent the 
natural ratio in the leaf because of preferential loss of b during the methanol 

1 Supported by the Herman Frasch Foundation for research in agricultural chemistry, 
paper no. 213. 

2 ZSCHEILE, F. P., and Comar, C. L. Bot. Gaz. 102: 463-481. 1941. 
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washing. Sample 4 was an extract made by the analytical procedure 
described in paragraph 2. 

The following conclusions are evident from the analytical results: 

1. All wavelengths listed give correct results when carotenoids are 

absent. 

2. Analytical values at 5890 and 5460 A are extremely sensitive to the 

presence of carotenoids, due to the nature of the curves. Even at 
6000 A, carotenoids may cause appreciable error, as shown by 
sample 3, which has an extremely high carotene content. Note 
that at 6600 and 6425 A, the values of sample 3 agree with those 
of sample 1. 

3. The wavelengths, other than 6600 and 6425 A, that can be used de- 

pend upon the carotenoid content of the leaf. 

This analysis of spinach is representative of many similar determina- 
tions. Broccoli tips and leaves of corn, sweet potato, barley, and tomato 
have also been analyzed satisfactorily. A more detailed discussion of the 
chemical precautions and instrumental conditions essential for quantitative 
results will be presented in another paper. 


DEPARTMENT OF AGRICULTURAL CHEMISTRY 
PURDUE UNIVERSITY, WEST LAFAYETTE, INDIANA 





PHOTOSYNTHESIS WITH RADIOACTIVE CARBON, AND 
THE DISTRIBUTION OF THE INTERMEDIATE 
PRODUCTS IN THE PLANT CELL 


ALBERT W. FRENKEL 


Recent experiments with radioactive carbon (C"™) have shown that 
green plants take up CO, reversibly in the dark (2, 3, 5). The evidence 
accumulated thus far indicates the presence of high molecular weight com- 
pounds which bind the CO, in a combination stable in boiling concentrated 
hydrochloric acid. 

In this note experiments are described in which the distribution of the 
initial photosynthetic products within Nitella cells have been investigated. 
Radioactive carbon was used as a tracer according to the technique described 
by RuBen, KAMEN, and Hassip (3). 


Experimentation 


Nitella plants were used in this work, since these plants release their 
cell contents very readily on slight crushing. Since no grinding was neces- 
sary, it was possible to obtain a maximum of intact chloroplasts by crushing 
the cells in a 0.5-M glucose solution (1). The cytoplasm and vacuolar sap 
were separated from the chloroplasts and other bodies by centrifuging. 
Microscopie investigation of the chloroplasts showed that the majority of 
them were left intact after this treatment. 


= 
1. Intact Nitella plants were exposed to CO, for 25 minutes both in the 


light and in the dark. At the end of this period the plants were removed 
from the reaction flasks and immediately crushed in 0.5-M glucose. The cell 
materials were then separated as stated and their activity tested. Each 


* 
sample was boiled with 12-N hydrochloric acid, in order to expel any + 4 C 
present. After several washings of the cell wall material with water and 
of the chloroplasts with 0.5-M glucose, no activity was found either in the 


chloroplasts or the cell wall material from the plants which were kept in the 
* 


dark during the exposure to CO,. The aqueous, colorless solution obtained 
from centrifuging of the crushed plant material contained 90 per cent. of 
the total activity after the first centrifugation, two further washings of the 
residue removed almost all of the activity from the water-insoluble material 
In contrast, the plants which concurrently were kept in the light during 
this period contained nearly four times as much activity in their chloro- 
plasts as in the non-chloroplast material. This activity in the chloroplasts 


eould not be removed by further washings with 0.5-M glucose 


ai i = 
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2. In another series of experiments, Nitella plants were crushed imme- 
~~ 
diately before exposure to CO,. This material was filtered through cheese 
* 
cloth, transferred to Warburg vessels and exposed to CO, for 25 minutes 
* 
in the dark and in the light. No uptake of CO, was observed either by the 


eytoplasm and vacuolar sap or by the chloroplasts in a form resistant to 
boiling hydrochloric acid. 


* 

3. Intact Nitella cells were exposed to COQ, in the dark for 25 minutes 
and then crushed also in the dark in 0.5-M glucose. Intact cells were filtered 
out. The suspension was exposed to light for 20 minutes. No decrease in 
the activity of the aqueous fraction was observed and no activity was found 
in the chloroplasts. 

Thus it appears that intact plant cells are a prerequisite not only for 
this particular dark reduction of CO, but also for the further reduction of 
the carboxyl group formed in the dark (4). Whatever compound reduces 
CO,, whether in the light or in the dark, it seems evident that it is non- 
chloroplastic, or only weakly adsorbed on the chloroplasts and_ easily 
removed by physical injury to the living cell. 


The writer is indebted to Dr. S. Rupen and Dr. M. D. Kamen for the 
supply of radioactive CQ,, as well as for their advice and criticism, and to 
Dr. G. Mackrinney for his helpful suggestions. 

DEPARTMENT OF BOTANY 
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NOTES 


Annual Election—The eighteenth annual election of the American 
Society of Plant Physiologists was held during May and June, 1941. The 
secretary-treasurer, Dr. W. E. Loomis, Department of Botany, The lowa 
State College, has announced the results of the election as follows: 

President, Dr. Edwin C. Miller, Kansas State College. 

Vice-president, Dr. W. E. Loomis, Iowa State College. 

Secretary-treasurer, Dr. P. J. Kramer, Duke University. 

Executive committee, Dr. W. F. Loehwing, University of Iowa. 

Editorial committee, Dr. Otis F. Curtis, Cornell University. 
The new officers become active on July 1, 1941. The Dallas meeting will 
be the most important immediate concern of these officials. They desire, 
and will need, hearty cooperation in planning and executing the necessary 
work incident to the eighteenth annual meeting and program. Early replies 
with titles, and aid wherever it is requested are always appreciated during 
this busiest season of the year. 

Reports of other matters voted upon in the 1941 election will be made 
in the October number of PLANT PHysIOLoey. 


Purdue Section.—The Purdue Section of the American Society of Plant 
Physiologists reports a very successful season during the year 1940-1941 
under the chairmanship of Dr. R. E. Girton, of the School of Science, Pur- 
due University. Fifteen regular meetings were held during the year, with 
an average attendance of 25. Two of these were dinner meetings. Dr. 
F. G. Gustarson, Botany Department, The University of Michigan, ad- 
dressed the Section at its first dinner meeting in October, on the subject: 
Hormones in Relation to Plant Growth. At the last dinner meeting of the 
year in May, Mr. GLENN M. Smiru of the Purdue University Agricultural 
Experiment Station presented his important work on Sweet Corn Breeding. 

The new officers elected by the Purdue Section for the year 1941-1942 
are: Chairman, Dr. F. P. ZscHerLe, of the Department of Agricultural 
Chemistry, School of Agriculture; and secretary-treasurer, Dr. W. R. 
MULLISON, of the Department of Biology, School of Science. 


Vacation.—The editor-in-chief will be out of residence from Chicago 
during the entire summer, until about September 15. Correspondents will 
please note that, because of rapid movement from place to place, the editor 
will find it difficult to answer communications promptly. Papers offered for 
publication should be sent to the office of the secretary of the editorial com- 
mittee, Dr. W. F. Lozuwine, Iowa City, Iowa, as usual, and other matters 
allowed to wait until September. 
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Winthrop John Vanleuven Osterhout.—It is with a great deal of 
pleasure that we are able to present in this number two fine portraits of Dr. 
OsTERHOUT, to whom this number of PLANT PuysioLoey is dedicated in honor 
of his approaching 70th birthday anniversary, which occurs on August 2, 
1941. A brief biography was published in PLANT Puysiovoey for January, 
1940, at the time he was elected to a CuarLes Rem Barnes life membership 
in the American Society of Plant Physiologists. On behalf of all members 
of the Society, we extend our best wishes and congratulations to him for 
the happy occasion of his anniversary, and for a long period of pleasurable 
activity following his retirement from formal service. He has earned it by 
nearly fifty years of pioneering work which has advanced our understanding 
of many physiological processes. 


Minor Elements.—The second annual supplement to the third edition 
of the Bibliography of References to the Literature on the Minor Elements 
and their Relation to Plant and Animal Nutrition has been issued by the 
Chilean Nitrate Educational Bureau, Hersert C. Brewer, Director, 120 
Broadway, New York. It contains 67 pages, in two-column format, with 
three indexes, one by elements, one by botanical common names, and one by 
authors. About 50 elements are included, and 150 crop plants. Slightly 
less than 400 authors are listed. The annotated bibliography is extremely 
valuable, and all students of plant nutrition will be grateful for the contin- 
uation of this service to research. Members of the Society should obtain a 
copy of the supplement by writing to Mr. Brewer. 


Hunger Signs in Crops.—Interest in the problems of plant nutrition, 
intimately bound up with animal nutrition, has grown rapidly in recent 
years. The American Society of Agronomy, in cooperation with the Na- 
tional Fertilizer Association, has published a symposium on Hunger Signs 
in Crops. It is a very attractive monograph, with about 80 plates in colors, 
and a few less than 100 text figures. The chapters deal with crops, or 
groups of crop plants, with titles and authors as follows: Why do plants 
starve? by Georce D. ScarsetH and Ropert M. Sauter; plant-nutrient defi- 
ciency in tobacco, by J. E. McMurrtrey, Jr.; deficiency symptoms of corn 
and small grains, by George N. Horrer; plant-nutrient deficiency symptoms 
in the potato, by H. A. Jones and B. E. Brown; plant-nutrient deficiency 
symptoms in cotton, by H. P. Cooper; plant-nutrient deficiencies in vege- 
table or truck-crop plants, by J. J. SKINNER; nutrient-deficiency symptoms 
in deciduous fruits, by O. W. Davipson ; plant-nutrient deficiency symptoms 
in legumes, by E. E. DeTurK; and symptoms of citrus malnutrition, by A. 
F. Camp, ’.. D. CHapmMan, Grorce M. Baurt, and E. R. Parker. 

It is a very valuable survey beeause it brings a large section of our 
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knowledge of mineral deficiencies into a single work. Agricultural agents, 
teachers, and extension men will find it particularly helpful. And many 
research men will find it handy to use in comparing their own observations. 
It is written in popular style, but does not sacrifice accuracy in bringing the 
information to a popular level. 

It is printed by Judd and Detweiler, Washington, D. C., at the modest 
price of $2.50 per copy. The press work is admirable. We recommend this 
book as one which should be in the hands of all plant physiologists. 


Enzyme Research.—The great work by BAMANN and Myrspick, Die 
Methoden der Fermentforschung, continues to come from the press of Georg 
Thieme, Leipzig. Lieferung 6 contains 336 pages, and Lieferung 7, 416 
pages, ending on page 2588. Lieferung 6 continues with the hydrolases, 
specifically, with the carbohydrases, some of which were presented in 
Lieferung 5. The phyto- and zoo-amylases, fructanase, glucanases, cytases, 
and polyuronidases complete the list of carbohydrases. Then follow the 
nucleases, amidases, proteases, thrombase and blood coagulation enzymes, 
and oxynitrilese finish out the great group of hydrolases. 

The last part of Lieferung 6 begins consideration of the desmolases and 
enzymes of biological oxidation and reduction. The first part of this section 
takes up alcoholic fermentation, normal fermentation by living yeasts and 
zymase preparations. 

Lieferung 7 continues with the enzymes of oxydoreduction, glycolytic 
enzymes, dehydrases, cytochromes, and the oxytropic dehydrases. Section 
II of the desmolases is a short chapter on the oxyhydrases, such as glucose- 
oxyhydrase, ascorbic acid oxydase, dioxymaleic acid oxydase, oxalooxy- 
dase, amino acid oxydases, and aminooxyhydrases (tyraminoxydase, adrena- 
lin oxydase, aminoxydase, histaminase, and diaminoxydase). 

Following this section, the enzymes of aerobic respiration are taken up, 
the true oxydases. The fourth section takes up the enzymes that make the 
first attack upon the sugar molecule (hexosephosphorylase) ; section V, the 
true desmolases (aldolase, carboxylase, amino acid decarboxylases, ete.) ; 
section VI, enolase; and section VII, the hydratases and related enzymes. 

Each section is written by some expert in the special field of which he 
writes, or thoroughly familiar with the progress in methods of attack. It 
is impossible in a short review to do justice to this outstanding compilation. 
It deserves a place in the libraries of all institutions where enzyme research 
is in progress. 

The prices stated for these two Lieferungen are: Lieferung 6, RM 25.20; 
Lieferung 7, RM 31.20. These are the Auslands price quoted by the pub- 
lisher. It should be remembered that, for obvious reasons, the work is sold 
only in complete sets. 











aiding tie? i ci>"* 


660 PLANT PHYSIOLOGY 
































































Modern Fruit Production.—An excellent work by two outstanding hor- 
ticulturists, Dr. J. H. Gourtey, and Dr. Freeman 8S. How ett, both of the 
Ohio Agricultural Experiment Station, and The Ohio State University. 
The publishers are the Macmillan Co., New York, and the price quoted is 
$4.50 per copy. It is a book of 579 pages. 

There are 17 chapters, several of which are introductory. The story of 
the fruit industry is told in the first chapter, and the fruit plant and its 
parts are described in the second. The subsequent chapters are given the 
following titles: Factors affecting flower formation; site and soil for the 
fruit plantation ; laying out and planting the orchard; cultural practices; 
fertilizers and manures for the orchard; water relations of fruit plants; 
pruning of fruit plants ; fruit setting ; fruit thinning and alternate bearing ; 
the handling and storage of fruit; winter injury; nutrient deficiencies and 
disorders; propagation and stocks; the origin and improvement of fruits; 
and orchard, vineyard, and small fruit costs. 

The volume represents a complete rewriting and expansion of the pre- 
viously published Textbook of Pomology. It is intended as a practical 
guide to fruit production, but has included enough of the modern results 
of botanical and physiological research to make it an up-to-date guide. It 
is a very clear presentation, and will be a welcome addition to the literature 
of horticulture. 


Annual Review of Physiology.—The third Annual Review of Physiol- 
ogy has been issued by Annual Reviews, Inc., Stanford University, Cali- 
fornia. It contains 26 reviews, as follows: The relation of bioelectric poten- 
tials to cell functioning, by G. H. BisHop; the physiological effects of radiant 
energy, by H. Laurens; physiological aspects of genetics, by A. H. Sturte- 
VANT; developmental physiology, by E. Wirscui; growth, by C. E. PALMER 
and A. Crocco; temperature regulation, by J. C. Scorr and H. C. Bazerr; 
energy metabolism, by T. M. Carpenter; respiration, by F. C. Scomipr and 
J. H. Comrog, Jr.; physical properties of protoplasm, by E. F. Apo.pu; 
muscle, by W. O. Fenn; the digestive system, by J. E. THomas; liver and 
bile, by W. B. Hawkins; formed elements of the blood, by G. M. Hiaerns; 
heart, by C. J. Wiacers and H. D. Green; peripheral cireulation, by V. E. 
HALL; electrical activity of the brain, by H. H. Jasper; the autonomic ner- 
vous system, by D. SHEEHAN; the special senses, hearing, visual receptors, 
and vibratory sensations and pain, by E. BaranyM, R. GRanit, and Y. 
ZOTTERMAN, respectively ; physiological psychology, by H. 8S. Lippe.x; kid- 
ney, by L. Lerrer; metabolic functions of the endocrine glands, by S. 
SosKIN ; endocrine aspects of the physiology of reproduction, by O. Ripe; 
reproduction in mammals, by M. H. FrrepMan; bacterial chemotherapy, by 
E. K. Marsnwatu, Jr.; histamine and anaphylaxis, by W. FELpBerc; and 
exercise, by A. H. STernnaus. 
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These reviews have been prepared with great care. They portray the 
recent advances in physiology with clarity and accuracy, and are of the 
utmost importance to intelligent research in the field of physiology. The 
price of this volume is $5.00, as usual, and there is no better bargain, any- 
where, in the field of physiological literature. The war in Europe has inter- 
fered with the receipt of foreign journals, and with the preparation of 
reviews by foreign experts. Nevertheless, many of the reviews are critical 
summaries, guiding the reader in appraisal of the progress, others a synoptic 
review of what has been accomplished. Naturally one prefers the reviews 
which offer appraisal and criticisms of the investigations, since this is the 
essence of progress, but all will be found valuable to the working physiolo- 
gists. 

The American Physiological Society, Annual Reviews, Inc., the capable 
editors, Dr. JAMEs Murray Luck and Dr. Vicror E. HALL, and the collabo- 
rators who performed the valuable services in preparing the reviews deserve, 
and will receive, the thanks and enduring gratitude of all workers who 
benefit from their efforts. Those who desire to own a copy, should address 
Annual Reviews, Inec., Stanford University, California. 
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